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Preface 


OBJECTIVES 


The main objective of a first course in mechanics should be to 
develop in the engineering student the ability to analyze any problem 
in a simple and logical manner and to apply to its solution a few, well- 
understood, basic principles. This text is designed for the first courses 
in statics and dynamics offered in the sophomore or junior year, and 
it is hoped that it will help the instructor achieve this goal.t 


GENERAL APPROACH 


Vector analysis is introduced early in the text and is used throughout 
the presentation of statics and dynamics. This approach leads to more 
concise derivations of the fundamental principles of mechanics. It also 
results in simpler solutions of three-dimensional problems in statics 
and makes it possible to analyze many advanced problems in kine- 
matics and kinetics, which could not be solved by scalar methods. The 
emphasis in this text, however, remains on the correct understanding 
of the principles of mechanics and on their application to the solution 
of engineering problems, and vector analysis is presented chiefly as a 
convenient tool.} 


Practical Applications Are Introduced Early. One of the char- 
acteristics of the approach used in this book is that mechanics of 
particles is clearly separated from the mechanics of rigid bodies. This 
approach makes it possible to consider simple practical applications 
at an early stage and to postpone the introduction of the more diffi- 
cult concepts. For example: 


¢ In Statics, the statics of particles is treated first (Chap. 2); after 
the rules of addition and subtraction of vectors are introduced, 
the principle of equilibrium of a particle is immediately applied 
to practical situations involving only concurrent forces. The stat- 
ics of rigid bodies is considered in Chaps. 3 and 4. In Chap. 3, 
the vector and scalar products of two vectors are introduced and 
used to define the moment of a force about a point and about 
an axis. The presentation of these new concepts is followed by a 
thorough and rigorous discussion of equivalent systems of forces 
leading, in Chap. 4, to many practical applications involving the 
equilibrium of rigid bodies under general force systems. 


tThis text is available in separate volumes, Vector Mechanics for Engineers: Statics, ninth 
edition, and Vector Mechanics for Engineers: Dynamics, ninth edition. 

tIn a parallel text, Mechanics for Engineers: fifth edition, the use of vector algebra is 
limited to the addition and subtraction of vectors, and vector differentiation is omitted. 
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¢ In Dynamics, the same division is observed. The basic concepts of 
force, mass, and acceleration, of work and energy, and of impulse 
and momentum are introduced and first applied to problems in- 
volving only particles. Thus, students can familiarize themselves 
with the three basic methods used in dynamics and learn their 
respective advantages before facing the difficulties associated 
with the motion of rigid bodies. 


New Concepts Are Introduced in Simple Terms. Since this text 
is designed for the first course in statics and dynamics, new concepts 
are presented in simple terms and every step is explained in detail. 
On the other hand, by discussing the broader aspects of the prob- 
lems considered, and by stressing methods of general applicability, a 
definite maturity of approach is achieved. For example: 


¢ In Statics, the concepts of partial constraints and statical indeter- 
minacy are introduced early and are used throughout statics. 

¢ In Dynamics, the concept of potential energy is discussed in the 
general case of a conservative force. Also, the study of the plane 
motion of rigid bodies is designed to lead naturally to the study 
of their general motion in space. This is true in kinematics as well 
as in kinetics, where the principle of equivalence of external and 
effective forces is applied directly to the analysis of plane motion, 
thus facilitating the transition to the study of three-dimensional 
motion. 


Fundamental Principles Are Placed in the Context of Simple 
Applications. The fact that mechanics is essentially a deductive 
science based on a few fundamental principles is stressed. Derivations 
have been presented in their logical sequence and with all the rigor 
warranted at this level. However, the learning process being largely 
inductive, simple applications are considered first. For example: 


¢ The statics of particles precedes the statics of rigid bodies, and 
problems involving internal forces are postponed until Chap. 6. 

¢ In Chap. 4, equilibrium problems involving only coplanar forces 
are considered first and solved by ordinary algebra, while prob- 
lems involving three-dimensional forces and requiring the full use 
of vector algebra are discussed in the second part of the chapter. 

¢ The kinematics of particles (Chap. 11) precedes the kinematics 
of rigid bodies (Chap. 15). 

¢ The fundamental principles of the kinetics rigid bodies are first 
applied to the solution of two-dimensional problems (Chaps. 16 
and 17), which can be more easily visualized by the student, while 
three-dimensional problems are postponed until Chap. 18. 


The Presentation of the Principles of Kinetics Is Unified. The 
ninth edition of Vector Mechanics for Engineers retains the unified 
presentation of the principles of kinetics which characterized the previ- 
ous eight editions. The concepts of linear and angular momentum are 
introduced in Chap. 12, so that Newton's second law of motion can be 
presented not only in its conventional form F = ma, but also as a law 
relating, respectively, the sum of the forces acting on a particle and the 


sum of their moments to the rates of change of the linear and angular 
momentum of the particle. This makes possible an earlier introduction 
of the principle of conservation of angular momentum and a more 
meaningful discussion of the motion of a particle under a central force 
(Sec. 12.9). More importantly, this approach can be readily extended 
to the study of the motion of a system of particles (Chap. 14) and leads 
to a more concise and unified treatment of the kinetics of rigid bodies 
in two and three dimensions (Chaps. 16 through 18). 


Free-Body Diagrams Are Used Both to Solve Equilibrium 
Problems and to Express the Equivalence of Force Systems. 
Free-body diagrams are introduced early, and their importance is 
emphasized throughout the text. They are used not only to solve 
equilibrium problems but also to express the equivalence of two sys- 
tems of forces or, more generally, of two systems of vectors. The 
advantage of this approach becomes apparent in the study of the 
dynamics of rigid bodies, where it is used to solve three-dimensional 
as well as two-dimensional problems. By placing the emphasis on 
“free-body-diagram equations” rather than on the standard algebraic 
equations of motion, a more intuitive and more complete under- 
standing of the fundamental principles of dynamics can be achieved. 
This approach, which was first introduced in 1962 in the first edition 
of Vector Mechanics for Engineers, has now gained wide acceptance 
among mechanics teachers in this country. It is, therefore, used in 
preference to the method of dynamic equilibrium and to the equa- 
tions of motion in the solution of all sample problems in this book. 


A Four-Color Presentation Uses Color to Distinguish Vectors. 
Color has been used, not only to enhance the quality of the illustrations, 
but also to help students distinguish among the various types of vec- 
tors they will encounter. While there is no intention to “color code” 
this text, the same color is used in any given chapter to represent vec- 
tors of the same type. Throughout Statics, for example, red is used 
exclusively to represent forces and couples, while position vectors are 
shown in blue and dimensions in black. This makes it easier for the 
students to identify the forces acting on a given particle or rigid body 
and to follow the discussion of sample problems and other examples 
given in the text. In Dynamics, for the chapters on kinetics, red is used 
again for forces and couples, as well as for effective forces. Red is also 
used to represent impulses and momenta in free-body-diagram equa- 
tions, while green is used for velocities, and blue for accelerations. In 
the two chapters on kinematics, which do not involve any forces, blue, 
green, and red are used, respectively, for displacements, velocities, and 
accelerations. 


A Careful Balance Between SI and U.S. Customary Units Is 
Consistently Maintained. Because of the current trend in the 
American government and industry to adopt the international sys- 
tem of units (SI metric units), the SI units most frequently used in 
mechanics are introduced in Chap. 1 and are used throughout the 
text. Approximately half of the sample problems and 60 percent of 
the homework problems are stated in these units, while the remainder 
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are in U.S. customary units. The authors believe that this approach 
will best serve the need of students, who, as engineers, will have to 
be conversant with both systems of units. 

It also should be recognized that using both SI and U.S. custom- 
ary units entails more than the use of conversion factors. Since the SI 
system of units is an absolute system based on the units of time, length, 
and mass, whereas the U.S. customary system is a gravitational system 
based on the units of time, length, and force, different approaches are 
required for the solution of many problems. For example, when SI 
units are used, a body is generally specified by its mass expressed in 
kilograms; in most problems of statics it will be necessary to determine 
the weight of the body in newtons, and an additional calculation will 
be required for this purpose. On the other hand, when U.S. customary 
units are used, a body is specified by its weight in pounds and, in 
dynamics problems, an additional calculation will be required to deter- 
mine its mass in slugs (or lb - s*/ft). The authors, therefore, believe 
that problem assignments should include both systems of units. 

The Instructor's and Solutions Manual provides six different 
lists of assignments so that an equal number of problems stated in 
SI units and in U.S. customary units can be selected. If so desired, 
two complete lists of assignments can also be selected with up to 
75 percent of the problems stated in SI units. 


Optional Sections Offer Advanced or Specialty Topics. A 
large number of optional sections have been included. These sections 
are indicated by asterisks and thus are easily distinguished from those 
which form the core of the basic mechanics course. They may be omit- 
ted without prejudice to the understanding of the rest of the text. 

The topics covered in the optional sections in statics include 
the reduction of a system of forces to a wrench, applications to hydro- 
statics, shear and bending-moment diagrams for beams, equilibrium 
of cables, products of inertia and Mohr’s circle, mass products of 
inertia and principal axes of inertia for three-dimensional bodies, and 
the method of virtual work. An optional section on the determination 
of the principal axes and the mass moments of inertia of a body of 
arbitrary shape is included (Sec. 9.18). The sections on beams are 
especially useful when the course in statics is immediately followed 
by a course in mechanics of materials, while the sections on the inertia 
properties of three-dimensional bodies are primarily intended for the 
students who will later study in dynamics the three-dimensional motion 
of rigid bodies. 

The topics covered in the optional sections in dynamics 
include graphical methods for the solution of rectilinear-motion 
problems, the trajectory of a particle under a central force, the 
deflection of fluid streams, problems involving jet and rocket pro- 
pulsion, the kinematics and kinetics of rigid bodies in three dimen- 
sions, damped mechanical vibrations, and electrical analogues. 
These topics will be found of particular interest when dynamics is 
taught in the junior year. 

The material presented in the text and most of the problems 
require no previous mathematical knowledge beyond algebra, trigo- 
nometry, and elementary calculus; all the elements of vector algebra 


necessary to the understanding of the text are carefully presented in 
Chaps. 2 and 3. However, special problems are included, which make 
use of a more advanced knowledge of calculus, and certain sections, 
such as Secs. 19.8 and 19.9 on damped vibrations, should be assigned 
only if students possess the proper mathematical background. In por- 
tions of the text using elementary calculus, a greater emphasis is 
placed on the correct understanding and application of the concepts 
of differentiation and integration than on the nimble manipulation 
of mathematical formulas. In this connection, it should be mentioned 
that the determination of the centroids of composite areas precedes 
the calculation of centroids by integration, thus making it possible to 
establish the concept of moment of area firmly before introducing 
the use of integration. 


CHAPTER ORGANIZATION AND PEDAGOGICAL FEATURES 


Chapter Introduction. Each chapter begins with an introductory 
section setting the purpose and goals of the chapter and describing 
in simple terms the material to be covered and its application to the 
solution of engineering problems. Chapter outlines provide students 
with a preview of chapter topics. 


Chapter Lessons. The body of the text is divided into units, each 
consisting of one or several theory sections, one or several sample 
problems, and a large number of problems to be assigned. Each unit 
corresponds to a well-defined topic and generally can be covered in 
one lesson. In a number of cases, however, the instructor will find it 
desirable to devote more than one lesson to a given topic. The 
Instructor’s and Solutions Manual contains suggestions on the cover- 
age of each lesson. 


Sample Problems. The sample problems are set up in much the 
same form that students will use when solving the assigned problems. 
They thus serve the double purpose of amplifying the text and dem- 
onstrating the type of neat, orderly work that students should culti- 
vate in their own solutions. 


Solving Problems on Your Own. A section entitled Solving 
Problems on Your Own is included for each lesson, between the 
sample problems and the problems to be assigned. The purpose of 
these sections is to help students organize in their own minds the 
preceding theory of the text and the solution methods of the sample 
problems so that they can more successfully solve the homework 
problems. Also included in these sections are specific suggestions 
and strategies which will enable students to more efficiently attack 
any assigned problems. 


Homework Problem Sets. Most of the problems are of a practi- 
cal nature and should appeal to engineering students. They are pri- 
marily designed, however, to illustrate the material presented in the 
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text and to help students understand the principles of mechanics. 
The problems are grouped according to the portions of material they 
illustrate and are arranged in order of increasing difficulty. Problems 
requiring special attention are indicated by asterisks. Answers to 
70 percent of the problems are given at the end of the book. Problems 
for which the answers are given are set in straight type in the text, 
while problems for which no answer is given are set in italic. 


Chapter Review and Summary. Each chapter ends with a 
review and summary of the material covered in that chapter. Mar- 
ginal notes are used to help students organize their review work, and 
cross-references have been included to help them find the portions 
of material requiring their special attention. 


Review Problems. A set of review problems is included at the end 
of each chapter. These problems provide students further opportunity 
to apply the most important concepts introduced in the chapter. 


Computer Problems. Each chapter includes a set of problems 
designed to be solved with computational software. Many of these 
problems provide an introduction to the design process. In Statics, 
for example, they may involve the analysis of a structure for various 
configurations and loading of the structure or the determination of 
the equilibrium positions of a mechanism which may require an itera- 
tive method of solution. In Dynamics, they may involve the determi- 
nation of the motion of a particle under initial conditions, the kinematic 
or kinetic analysis of mechanisms in successive positions, or the 
numerical integration of various equations of motion. Developing the 
algorithm required to solve a given mechanics problem will benefit 
the students in two different ways: (1) it will help them gain a better 
understanding of the mechanics principles involved; (2) it will provide 
them with an opportunity to apply their computer skills to the solu- 
tion of a meaningful engineering problem. 


SUPPLEMENTS 


An extensive supplements package for both instructors and students 
is available with the text. 


Instructor’s and Solutions Manual. = The Instructor's and Solutions 
Manual that accompanies the ninth edition features typeset, one-per- 
page solutions to all homework problems. This manual also features 
a number of tables designed to assist instructors in creating a sched- 
ule of assignments for their courses. The various topics covered in the 
text are listed in Table I, and a suggested number of periods to be 
spent on each topic is indicated. Table II provides a brief description 
of all groups of problems and a classification of the problems in each 
group according to the units used. Sample lesson schedules are 
shown in Tables III, IV, and V. 


McGRAW-HILL CONNECT ENGINEERING 


McGraw-Hill Connect Engineering is a web-based assignment and 
assessment platform that gives students the means to better connect 
with their coursework, their instructors, and the important concepts 
that they will need to know for success now and in the future. With 
Connect Engineering, instructors can deliver assignments, quizzes, 
and tests easily online. Students can practice important skills at their 
own pace and on their own schedule. 

Connect Engineering for Vector Mechanics for Engineers is 
available at www.mhhe.com/beerjohnston and includes algorithmic 
problems from the text, Lecture PowerPoints, an image bank, and 
animations. 


Hands-on Mechanics. Hands-on Mechanics is a website designed 
for instructors who are interested in incorporating three-dimensional, 
hands-on teaching aids into their lectures. Developed through a 
partnership between the McGraw-Hill Engineering Team and the 
Department of Civil and Mechanical Engineering at the United 
States Military Academy at West Point, this website not only pro- 
vides detailed instructions for how to build 3-D teaching tools using 
materials found in any lab or local hardware store but also provides 
a community where educators can share ideas, trade best practices, 
and submit their own demonstrations for posting on the site. Visit 
www.handsonmechanics.com. 


ELECTRONIC TEXTBOOK OPTIONS 


Ebooks are an innovative way for students to save money and create 
a greener environment at the same time. An ebook can save students 
about half the cost of a traditional textbook and offers unique features 
like a powerful search engine, highlighting, and the ability to share 
notes with classmates using ebooks. 

McGraw-Hill offers two ebook options: purchasing a download- 
able book from VitalSource or a subscription to the book from Course- 
Smart. To talk about the ebook options, contact your McGraw-Hill 
sales rep or visit the sites directly at www.vitalsource.com and 
www.coursesmart.com. 


ACKNOWLEDGMENTS 


A special thanks go to our colleagues who thoroughly checked the 
solutions and answers of all problems in this edition and then pre- 
pared the solutions for the accompanying Instructor's and Solution 
Manual: Amy Mazurek of Williams Memorial Institute and Dean 
Updike of Lehigh University. 

We are pleased to recognize Dennis Ormond of Fine Line 
Illustrations for the artful illustrations which contribute so much to 
the effectiveness of the text. 

The authors thank the many companies that provided photo- 
graphs for this edition. We also wish to recognize the determined 
efforts and patience of our photo researcher Sabina Dowell. 


Preface 


Xxii 


Preface 


The authors gratefully acknowledge the many helpful com- 
ments and suggestions offered by users of the previous editions of 
Vector Mechanics for Engineers. 

E. Russell Johnston, Jr. 
David Mazurek 
Phillip Cornwell 
Elliot R. Eisenberg 


List of Symbols 


a Constant; radius; distance 
A,B,C,... Reactions at supports and connections 
A,B,C, ... Points 
Area 
Width; distance 
Constant 
Centroid 
Distance 
Base of natural logarithms 
Force; friction force 
Acceleration of gravity 
Center of gravity; constant of gravitation 
Height; sag of cable 
Unit vectors along coordinate axes 
. Moments of inertia 
I. Centroidal moment of inertia 

Iy,... Products of inertia 
J Polar moment of inertia 
k Spring constant 
k,,k,,ko — Radii of gyration 
k — Centroidal radius of gyration 
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1 Length 
L Length; span 
m Mass 


M — Couple; moment 
My Moment about point O 
M6 ~~ Moment resultant about point O 
M Magnitude of couple or moment; mass of earth 
Mor Moment about axis OL 
Normal component of reaction 
Origin of coordinates 
Pressure 
Force; vector 
Force; vector 
Position vector 
Radius; distance; polar coordinate 
Resultant force; resultant vector; reaction 
Radius of earth 
Position vector 
Length of arc; length of cable 
Force; vector 
Thickness 
Force 
Tension 


Work 
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Vector product; shearing force 

Volume; potential energy; shear 

Load per unit length 

Weight; load 

Rectangular coordinates; distances 

Rectangular coordinates of centroid or center of 
gravity 

Angles 

Specific weight 

Elongation 

Virtual displacement 

Virtual work 

Unit vector along a line 

Efficiency 

Angular coordinate; angle; polar coordinate 

Coefficient of friction 

Density 

Angle of friction; angle 


In the latter part of the seventeenth 

century, Sir Isaac Newton stated the 
fundamental principles of mechanics, 
which are the foundation of much of 


today’s engineering. 
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Chapter 1 Introduction 


What Is Mechanics? 
Fundamental Concepts and 
Principles 

Systems of Units 

Conversion from One System of 
Units to Another 

Method of Problem Solution 
Numerical Accuracy 


1.1 WHAT IS MECHANICS? 


Mechanics can be defined as that science which describes and predicts 
the conditions of rest or motion of bodies under the action of forces. It 
is divided into three parts: mechanics of rigid bodies, mechanics of 
deformable bodies, and mechanics of fluids. 

The mechanics of rigid bodies is subdivided into statics and 
dynamics, the former dealing with bodies at rest, the latter with bodies 
in motion. In this part of the study of mechanics, bodies are assumed 
to be perfectly rigid. Actual structures and machines, however, are 
never absolutely rigid and deform under the loads to which they are 
subjected. But these deformations are usually small and do not appre- 
ciably affect the conditions of equilibrium or motion of the structure 
under consideration. They are important, though, as far as the resis- 
tance of the structure to failure is concerned and are studied in 
mechanics of materials, which is a part of the mechanics of deformable 
bodies. The third division of mechanics, the mechanics of fluids, is 
subdivided into the study of incompressible fluids and of compressible 
fluids. An important subdivision of the study of incompressible fluids 
is hydraulics, which deals with problems involving water. 

Mechanics is a physical science, since it deals with the study of 
physical phenomena. However, some associate mechanics with math- 
ematics, while many consider it as an engineering subject. Both these 
views are justified in part. Mechanics is the foundation of most engi- 
neering sciences and is an indispensable prerequisite to their study. 
However, it does not have the empiricism found in some engineering 
sciences, i.e., it does not rely on experience or observation alone; by its 
rigor and the emphasis it places on deductive reasoning it resembles 
mathematics. But, again, it is not an abstract or even a pure science; 
mechanics is an applied science. The purpose of mechanics is to explain 
and predict physical phenomena and thus to lay the foundations for 
engineering applications. 


1.2 FUNDAMENTAL CONCEPTS AND PRINCIPLES 


Although the study of mechanics goes back to the time of Aristotle 
(384-322 B.c.) and Archimedes (287-212 B.c.), one has to wait until 
Newton (1642-1727) to find a satisfactory formulation of its funda- 
mental principles. These principles were later expressed in a modi- 
fied form by d’Alembert, Lagrange, and Hamilton. Their validity 
remained unchallenged, however, until Einstein formulated his theory 
of relativity (1905). While its limitations have now been recognized, 
newtonian mechanics still remains the basis of today’s engineering 
sciences. 

The basic concepts used in mechanics are space, time, mass, and 
force. These concepts cannot be truly defined; they should be accepted 
on the basis of our intuition and experience and used as a mental frame 
of reference for our study of mechanics. 

The concept of space is associated with the notion of the position 
of a point P. The position of P can be defined by three lengths mea- 
sured from a certain reference point, or origin, in three given direc- 
tions. These lengths are known as the coordinates of P. 


To define an event, it is not sufficient to indicate its position in 
space. The time of the event should also be given. 

The concept of mass is used to characterize and compare bodies 
on the basis of certain fundamental mechanical experiments. Two bod- 
ies of the same mass, for example, will be attracted by the earth in the 
same manner; they will also offer the same resistance to a change in 
translational motion. 

A force represents the action of one body on another. It can be 
exerted by actual contact or at a distance, as in the case of gravitational 
forces and magnetic forces. A force is characterized by its point of 
application, its magnitude, and its direction; a force is represented by 
a vector (Sec. 2.3). 

In newtonian mechanics, space, time, and mass are absolute con- 
cepts, independent of each other. (This is not true in relativistic 
mechanics, where the time of an event depends upon its position, and 
where the mass of a body varies with its velocity.) On the other hand, 
the concept of force is not independent of the other three. Indeed, one 
of the fundamental principles of newtonian mechanics listed below 
indicates that the resultant force acting on a body is related to the mass 
of the body and to the manner in which its velocity varies with time. 

You will study the conditions of rest or motion of particles and 
rigid bodies in terms of the four basic concepts we have introduced. By 
particle we mean a very small amount of matter which may be assumed 
to occupy a single point in space. A rigid body is a combination of a 
large number of particles occupying fixed positions with respect to 
each other. The study of the mechanics of particles is obviously a pre- 
requisite to that of rigid bodies. Besides, the results obtained for a 
particle can be used directly in a large number of problems dealing 
with the conditions of rest or motion of actual bodies. 

The study of elementary mechanics rests on six fundamental 
principles based on experimental evidence. 


The Parallelogram Law for the Addition of Forces. This states 
that two forces acting on a particle may be replaced by a single force, 
called their resultant, obtained by drawing the diagonal of the paral- 
lelogram which has sides equal to the given forces (Sec. 2.2). 


The Principle of Transmissibility. This states that the conditions 
of equilibrium or of motion of a rigid body will remain unchanged if a 
force acting at a given point of the rigid body is replaced by a force of 
the same magnitude and same direction, but acting at a different point, 
provided that the two forces have the same line of action (Sec. 3.3). 


Newton’s Three Fundamental Laws. Formulated by Sir Isaac 
Newton in the latter part of the seventeenth century, these laws can be 
stated as follows: 


FIRST LAW. If the resultant force acting on a particle is zero, the 
particle will remain at rest (if originally at rest) or will move with con- 
stant speed in a straight line (if originally in motion) (Sec. 2.10). 


1.2 Fundamental Concepts and Principles 
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Photo 1.1 When in earth orbit, people and 
objects are said to be weightless even though the 
gravitational force acting is approximately 90% of 
that experienced on the surface of the earth. This 
apparent contradiction will be resolved in Chapter 
12 when we apply Newton's second law to the 
motion of particles. 


SECOND LAW. | If the resultant force acting on a particle is not zero, 
the particle will have an acceleration proportional to the magnitude of 
the resultant and in the direction of this resultant force. 

As you will see in Sec. 12.2, this law can be stated as 


F=ma (1.1) 


where F, m, and a represent, respectively, the resultant force acting on 
the particle, the mass of the particle, and the acceleration of the parti- 
cle, expressed in a consistent system of units. 


THIRD LAW. The forces of action and reaction between bodies in 
contact have the same magnitude, same line of action, and opposite 
sense (Sec. 6.1). 


Newton’s Law of Gravitation. This states that two particles of 
mass M and m are mutually attracted with equal and opposite forces F 
and —F (Fig. 1.1) of magnitude F given by the formula 


M 
p= (1.2) 
if 


where r = distance between the two particles 
G = universal constant called the constant of gravitation 


Newton’s law of gravitation introduces the idea of an action exerted at 
a distance and extends the range of application of Newton’s third law: 
the action F and the reaction —F in Fig. 1.1 are equal and opposite, 
and they have the same line of action. 

A particular case of great importance is that of the attraction of 
the earth on a particle located on its surface. The force F exerted by 
the earth on the particle is then defined as the weight W of the parti- 
cle. Taking M equal to the mass of the earth, m equal to the mass of the 
particle, and r equal to the radius R of the earth, and introducing the 
constant 


GM 
R? 


ge (1.3) 
the magnitude W of the weight of a particle of mass m may be ex- 
pressed ast 


W=mg (1.4) 


The value of R in formula (1.3) depends upon the elevation of the 
point considered; it also depends upon its latitude, since the earth is 
not truly spherical. The value of g therefore varies with the position of 
the point considered. As long as the point actually remains on the sur- 
face of the earth, it is sufficiently accurate in most engineering compu- 
tations to assume that g equals 9.81 m/s” or 32.2 ft/s”. 


+A more accurate definition of the weight W should take into account the rotation of the 
earth. 


The principles we have just listed will be introduced in the course 
of our study of mechanics as they are needed. The study of the statics 
of particles carried out in Chap. 2, will be based on the parallelogram 
law of addition and on Newtons first law alone. The principle of trans- 
missibility will be introduced in Chap. 3 as we begin the study of the 
statics of rigid bodies, and Newton’s third law in Chap. 6 as we analyze 
the forces exerted on each other by the various members forming a 
structure. In the study of dynamics, Newton's second law and Newton’s 
law of gravitation will be introduced. It will then be shown that Newton's 
first law is a particular case of Newton’s second law (Sec. 12.2) and that 
the principle of transmissibility could be derived from the other prin- 
ciples and thus eliminated (Sec. 16.5). In the meantime, however, 
Newton’s first and third laws, the parallelogram law of addition, and 
the principle of transmissibility will provide us with the necessary and 
sufficient foundation for the entire study of the statics of particles, 
rigid bodies, and systems of rigid bodies. 

As noted earlier, the six fundamental principles listed above are 
based on experimental evidence. Except for Newton’s first law and the 
principle of transmissibility, they are independent principles which 
cannot be derived mathematically from each other or from any other 
elementary physical principle. On these principles rests most of the 
intricate structure of newtonian mechanics. For more than two centu- 
ries a tremendous number of problems dealing with the conditions of 
rest and motion of rigid bodies, deformable bodies, and fluids have 
been solved by applying these fundamental principles. Many of the 
solutions obtained could be checked experimentally, thus providing a 
further verification of the principles from which they were derived. It 
is only in the twentieth century that Newton’s mechanics was found at 
fault, in the study of the motion of atoms and in the study of the motion 
of certain planets, where it must be supplemented by the theory of 
relativity. But on the human or engineering scale, where velocities are 
small compared with the speed of light, Newton’s mechanics has yet to 


be disproved. 


1.3. SYSTEMS OF UNITS 


With the four fundamental concepts introduced in the preceding sec- 
tion are associated the so-called kinetic units, i.e., the units of length, 
time, mass, and force. These units cannot be chosen independently if 
Eq. (1.1) is to be satisfied. Three of the units may be defined arbi- 
trarily; they are then referred to as basic units. The fourth unit, how- 
ever, must be chosen in accordance with Eq. (1.1) and is referred to as 
a derived unit. Kinetic units selected in this way are said to form a 
consistent system of units. 


International System of Units (SI Unitst). In this system, which 
will be in universal use after the United States has completed its con- 
version to SI units, the base units are the units of length, mass, and 
time, and they are called, respectively, the meter (m), the kilogram 
(kg), and the second (s). All three are arbitrarily defined. The second, 


tSI stands for Systéme International d’Unités (French). 


1.3. Systems of Units 
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a = 9.81 m/s? 


Fig. 1.3 


W=9.81N 


which was originally chosen to represent 1/86 400 of the mean solar 
day, is now defined as the duration of 9 192 631 770 cycles of the radia- 
tion corresponding to the transition between two levels of the funda- 
mental state of the cesium-133 atom. The meter, originally defined as 
one ten-millionth of the distance from the equator to either pole, is 
now defined as 1 650 763.73 wavelengths of the orange-red light cor- 
responding to a certain transition in an atom of krypton-86. The kilo- 
gram, which is approximately equal to the mass of 0.001 m? of water, 
is defined as the mass of a platinum-iridium standard kept at the Inter- 
national Bureau of Weights and Measures at Sévres, near Paris, France. 
The unit of force is a derived unit. It is called the newton (N) and is 
defined as the force which gives an acceleration of 1 m/ s* to a mass of 
1 kg (Fig. 1.2). From Eq. (1.1) we write 


1N = (1kg)(1 m/s”) = 1 kg + m/s” (1.5) 


The SI units are said to form an absolute system of units. This means 
that the three base units chosen are independent of the location where 
measurements are made. The meter, the kilogram, and the second 
may be used anywhere on the earth; they may even be used on another 
planet. They will always have the same significance. 

The weight of a body, or the force of gravity exerted on that body, 
should, like any other force, be expressed in newtons. From Eq. (1.4) 
it follows that the weight of a body of mass 1 kg (Fig. 1.3) is 


W = meg 


= (1kg)(9.81 m/s”) 
=9.81N 


Multiples and submultiples of the fundamental SI units may be 
obtained through the use of the prefixes defined in Table 1.1. The 
multiples and submultiples of the units of length, mass, and force most 
frequently used in engineering are, respectively, the kilometer (km) 
and the millimeter (mm); the megagramt (Mg) and the gram (g); and 
the kilonewton (kN). According to Table 1.1, we have 


1km = 1000 m 1mm = 0.001 m 
1 Mg = 1000 kg 1g = 0.001 kg 
1kN = 1000 N 
The conversion of these units into meters, kilograms, and newtons, 
respectively, can be effected by simply moving the decimal point 
three places to the right or to the left. For example, to convert 
3.82 km into meters, one moves the decimal point three places to the 


right: 
3.82 km = 3820 m 


Similarly, 47.2 mm is converted into meters by moving the decimal 
point three places to the left: 


47.2 mm = 0.0472 m 


tAlso known as a metric ton. 


TABLE 1.1 SI Prefixes 


Multiplication Factor Prefixt Symbol 
1.000 000 000 000 = 10” tera 7 
1.000 000 000 = 10° giga G 
1 000 000 = 10° mega M 
1000 = 10° kilo k 
100 = 10° hectot h 
10 = 10! deka} da 
0.1= 10! decit d 
0.01 = 10° ao c 
0.001 = 10— milli m 
0.000 001 = 107° micro m 
0.000 000 001 = 10° nano n 
0.000 000 000 001 = 10°” pico p 
0.000 000 000 000 001 = 107” femto f 
0.000 000 000 000 000 001 = 107'S atto a 


tThe first syllable of every prefix is accented so that the prefix will retain its identity. Thus, the 
preferred pronunciation of kilometer places the accent on the first syllable, not the second. 


; The use of these prefixes should be avoided, except for the measurement of areas and volumes 
and for the nontechnical use of centimeter, as for body and clothing measurements. 


Using scientific notation, one may also write 


3.82 km = 3.82 X 10° m 
47.2 mm = 47.2 X 10 °>m 


The multiples of the unit of time are the minute (min) and the 
hour (h). Since 1 min = 60 s and 1 h = 60 min = 3600 s, these multi- 
ples cannot be converted as readily as the others. 

By using the appropriate multiple or submultiple of a given unit, 
one can avoid writing very large or very small numbers. For example, 
one usually writes 427.2 km rather than 427 200 m, and 2.16 mm 
rather than 0.002 16 m.f 


Units of Area and Volume. The unit of area is the square meter 
(m?), which represents the area of a square of side 1 m; the unit of vol- 
ume is the cubic meter (m°), equal to the volume of a cube of side 1 m. 
In order to avoid exceedingly small or large numerical values in the 
computation of areas and volumes, one uses systems of subunits 
obtained by respectively squaring and cubing not only the millimeter 
but also two intermediate submultiples of the meter, namely, the 
decimeter (dm) and the centimeter (cm). Since, by definition, 


ldm =0.lm=10'm 
lcm = 0.01m = 10°*m 
1mm = 0.001 m = 10°°m 


tIt should be noted that when more than four digits are used on either side of the decimal 
point to express a quantity in SI units—as in 427 200 m or 0.002 16 m—spaces, never 
commas, should be used to separate the digits into groups of three. This is to avoid 
confusion with the comma used in place of a decimal point, which is the convention in 
many countries. 


1.3. Systems of Units 
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the submultiples of the unit of area are 
ldm® =(1dm)* = (10°? im)? = 107 mm? 
Len? = (Lem)? = (0-7 m)* = 10? mi 
1 mm? = (1 mm)? = (10 °m)? = 10 °m? 
and the submultiples of the unit of volume are 
idm? = (idm)? = (10-'m)y* = 10° m? 
lew = (len) = (110 * my = 10 *m* 
fmm? = im)? = 10 mm)? =] 10 a 


It should be noted that when the volume of a liquid is being measured, 
the cubic decimeter (dm?) is usually referred to as a liter (L). 

Other derived SI units used to measure the moment of a force, 
the work of a force, etc., are shown in Table 1.2. While these units will 
be introduced in later chapters as they are needed, we should note an 
important rule at this time: When a derived unit is obtained by divid- 
ing a base unit by another base unit, a prefix may be used in the 
numerator of the derived unit but not in its denominator. For example, 
the constant k of a spring which stretches 20 mm under a load of 
100 N will be expressed as 

100 N 100 N 


k= comm 0020m  O0ON/m ork = SKN/m 


but never ask = 5 N/mm. 


TABLE 1.2 Principal SI Units Used in Mechanics 


Quantity Unit Symbol Formula 
Acceleration Meter per second squared or m/s” 
Angle Radian rad t 
Angular acceleration Radian per second squared ae rad/s” 
Angular velocity Radian per second a rad/s 
Area Square meter Sic m 
Density Kilogram per cubic meter ibe kg/m* 
Energy Joule J N-m 
Force Newton N kg + m/s” 
Frequency Hertz Hz s! 
Impulse Newton-second _— kg - m/s 
Length Meter m H 
Mass Kilogram kg t 
Moment of a force Newton-meter es N:-m 
Power Watt W J/s 
Pressure Pascal Pa N/m? 
Stress Pascal Pa N/m? 
Time Second s H 
Velocity Meter per second wine m/s 
Volume 

Solids Cubic meter aex m° 

Liquids Liter L 10°-°m? 
Work Joule J N:m 


tSupplementary unit (1 revolution = 27 rad = 360°). 


Base unit. 


U.S. Customary Units. Most practicing American engineers still 
commonly use a system in which the base units are the units of length, 
force, and time. These units are, respectively, the foot (ft), the pound 
(Ib), and the second (s). The second is the same as the corresponding 
SI unit. The foot is defined as 0.3048 m. The pound is defined as the 
weight of a platinum standard, called the standard pound, which is 
kept at the National Institute of Standards and Technology outside 
Washington, the mass of which is 0.453 592 43 kg. Since the weight of 
a body depends upon the earth’s gravitational attraction, which varies 
with location, it is specified that the standard pound should be placed 
at sea level and at a latitude of 45° to properly define a force of 1 |b. 
Clearly the U.S. customary units do not form an absolute system of 
units. Because of their dependence upon the gravitational attraction of 
the earth, they form a gravitational system of units. 

While the standard pound also serves as the unit of mass in com- 
mercial transactions in the United States, it cannot be so used in engi- 
neering computations, since such a unit would not be consistent with 
the base units defined in the preceding paragraph. Indeed, when acted 
upon by a force of 1 lb, that is, when subjected to the force of gravity, 
the standard pound receives the acceleration of gravity, g = 32.2 ft/s” 
(Fig. 1.4), not the unit acceleration required by Eq. (1.1). The unit of 
mass consistent with the foot, the pound, and the second is the mass 
which receives an acceleration of 1 ft/s” when a force of 1 lb is applied 
to it (Fig. 1.5). This unit, sometimes called a slug, can be derived from 
the equation F = ma after substituting 1 lb and 1 ft/s? for F and a, 
respectively. We write 


F = ma 1 lb = (1slug)(1 ft/s”) 
and obtain 


1lb 7 

1 slug (ae 1 Ib - s*/ft (1.6) 

Comparing Figs. 1.4 and 1.5, we conclude that the slug is a mass 32.2 
times larger than the mass of the standard pound. 

The fact that in the U.S. customary system of units bodies are 
characterized by their weight in pounds rather than by their mass in 
slugs will be a convenience in the study of statics, where one constantly 
deals with weights and other forces and only seldom with masses. 
However, in the study of dynamics, where forces, masses, and acceler- 
ations are involved, the mass m of a body will be expressed in slugs 
when its weight W is given in pounds. Recalling Eq. (1.4), we write 

m= 


(1.7) 


a | 


where g is the acceleration of gravity (g = 32.2 ft/s”). 

Other U.S. customary units frequently encountered in engineer- 
ing problems are the mile (mi), equal to 5280 ft; the inch (in.), equal to 
ib ft; and the kilopound (kip), equal to a force of 1000 lb. The ton is 
often used to represent a mass of 2000 lb but, like the pound, must be 
converted into slugs in engineering computations. 

The conversion into feet, pounds, and seconds of quantities 
expressed in other U.S. customary units is generally more involved and 


a= 32.2 ft/s? 


Fig. 1.4 


Fig. 1.5 
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a= 1 ft/s? 
ee 


F=1lb 
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requires greater attention than the corresponding operation in SI 
units. If, for example, the magnitude of a velocity is given as v = 
30 mi/h, we convert it to ft/s as follows. First we write 
30 mi 
v = 30 — 
h 

Since we want to get rid of the unit miles and introduce instead the 
unit feet, we should multiply the right-hand member of the equation 
by an expression containing miles in the denominator and feet in the 
numerator. But, since we do not want to change the value of the right- 
hand member, the expression used should have a value equal to unity. 
The quotient (5280 ft)/(1 mi) is such an expression. Operating in a 
similar way to transform the unit hour into seconds, we write 


. (s9')/(52308 th 
— h J\ imi /\3600s 


Carrying out the numerical computations and canceling out units which 
appear in both the numerator and the denominator, we obtain 


ft 
v= a= eas 


1.4 CONVERSION FROM ONE SYSTEM OF UNITS 
TO ANOTHER 

There are many instances when an engineer wishes to convert into SI 
units a numerical result obtained in U.S. customary units or vice versa. 
Because the unit of time is the same in both systems, only two kinetic 
base units need be converted. Thus, since all other kinetic units can be 
derived from these base units, only two conversion factors need be 
remembered. 


Units of Length. By definition the U.S. customary unit of length is 
1 ft = 0.3048 m (1.8) 


It follows that 
1 mi = 5280 ft = 5280(0.3048 m) = 1609 m 


or 
1 mi = 1.609 km (1.9) 
Also 
lin. = 4 ft = 4(0.3048 m) = 0.0254 m 
or 


lin. = 25.4 mm (1.10) 


Units of Force. Recalling that the U.S. customary unit of force 
(pound) is defined as the weight of the standard pound (of mass 
0.4536 kg) at sea level and at a latitude of 45° (where g = 9.807 m/s”) 
and using Eq. (1.4), we write 


W = mg 
1 Ib = (0.4536 kg)(9.807 m/s”) = 4.448 kg - m/s” 


or, recalling Eq. (1.5), 
1lb = 4.448 N (1.11) 


Units of Mass. The USS. customary unit of mass (slug) is a derived 
unit. Thus, using Eqs. (1.6), (1.8), and (1.11), we write 


llb 4.448N 
1 ft/s? 0.3048 m/s” 


1 slug = 1 |b - s7/ft = = 1459N-s7/m 


and, recalling Eq. (1.5), 
1 slug = 1 lb + s/ft = 14.59 kg (1.12) 


Although it cannot be used as a consistent unit of mass, we recall that 
the mass of the standard pound is, by definition, 


1 pound mass = 0.4536 kg (1.13) 


This constant may be used to determine the mass in SI units (kilo- 
grams) of a body which has been characterized by its weight in U.S. 
customary units (pounds). 

To convert a derived U.S. customary unit into SI units, one sim- 
ply multiplies or divides by the appropriate conversion factors. For 
example, to convert the moment of a force which was found to be 
M = 47 |b: in. into SI units, we use formulas (1.10) and (1.11) and 
write 


M = 47 |b: in. = 47(4.448 N)(25.4 mm) 
= 5310N:-mm=5.31N:m 


The conversion factors given in this section may also be used to 
convert a numerical result obtained in SI units into U.S. customary 
units. For example, if the moment of a force was found to be M = 
40 N - m, we write, following the procedure used in the last paragraph 
of Sec. 1.3, 


Me40N p= GN ( Hp ( um ) 
~ —— ™/\ 4.448 N/\.0.3048 m 


Carrying out the numerical computations and canceling out units 
which appear in both the numerator and the denominator, we obtain 


M = 29.5 lb: ft 


The U.S. customary units most frequently used in mechanics are 
listed in Table 1.3 with their SI equivalents. 


1.5 METHOD OF PROBLEM SOLUTION 


You should approach a problem in mechanics as you would approach 
an actual engineering situation. By drawing on your Own experience 
and intuition, you will find it easier to understand and formulate the 
problem. Once the problem has been clearly stated, however, there is 


1.5 Method of Problem Solution 
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TABLE 1.3 U.S. Customary Units and Their SI Equivalents 


Quantity U.S. Customary Unit SI Equivalent 
Acceleration fi/s” 0.3048 m/s” 
in./s” 0.0254 m/s” 
Area fi? 0.0929 m? 
in” 645.2 mm? 
Energy ft - Ib 1.356 J 
Force kip 4.448 kN 
lb 4.448 N 
OZ 0.2780 N 
Impulse Ib: s 4448 N-5 
Length ft 0.3048 m 
in. 25.40 mm 
mi 1.609 km 
Mass Oz mass 28.35 ¢ 
Ib mass 0.4536 ke 
slug 14.59 ke 
ton 907.2 ke 
Moment of a force lb - ft 1.356 N-m 
Ib - in. 0.1130 N-m 
Moment of inertia 
Of an area in‘ 0.4162 X 10° mm4 
Of a mass Ib: ft -$? 1.356 kg - m 
Momentum Ib: s 4.448 kg - m/s 
Power ft - lb/s 1.356 W 
hp 745.7 W 
Pressure or stress lb/ft? 47.88 Pa 
Ib/in” (psi) 6.895 kPa 
Velocity ft/s 0.3048 m/s 
in./s 0.0254 m/s 
mi/h (mph) 0.4470 m/s 
mi/h (mph) 1.609 kin/h 
Volume f° 0.02832 m?® 
in® 16.39 em? 
Liquids gal 3.785 L 
qt 0.9464 L 
Work ft - Ib 1.356 J 


no place in its solution for your particular fancy. The solution must be 
based on the six fundamental principles stated in Sec. 1.2 or on theo- 
rems derived from them. Every step taken must be justified on that 
basis. Strict rules must be followed, which lead to the solution in an 
almost automatic fashion, leaving no room for your intuition or “feel- 
ing.” After an answer has been obtained, it should be checked. Here 
again, you may call upon your common sense and personal experience. 
If not completely satisfied with the result obtained, you should carefully 
check your formulation of the problem, the validity of the methods 
used for its solution, and the accuracy of your computations. 

The statement ofa problem should be clear and precise. It should 
contain the given data and indicate what information is required. A 
neat drawing showing all quantities involved should be included. Sepa- 
rate diagrams should be drawn for all bodies involved, indicating 
clearly the forces acting on each body. These diagrams are known as 
free-body diagrams and are described in detail in Secs. 2.11 and 4.2. 


The fundamental principles of mechanics listed in Sec. 1.2 will 
be used to write equations expressing the conditions of rest or motion 
of the bodies considered. Each equation should be clearly related to 
one of the free-body diagrams. You will then proceed to solve the 
problem, observing strictly the usual rules of algebra and recording 
neatly the various steps taken. 

After the answer has been obtained, it should be carefully checked. 
Mistakes in reasoning can often be detected by checking the units. For 
example, to determine the moment of a force of 50 N about a point 
0.60 m from its line of action, we would have written (Sec. 3.12) 


M = Fd = (50 N)(0.60 m) = 30N +m 


The unit N - m obtained by multiplying newtons by meters is the cor- 
rect unit for the moment of a force; if another unit had been obtained, 
we would have known that some mistake had been made. 

Errors in computation will usually be found by substituting the 
numerical values obtained into an equation which has not yet been 
used and verifying that the equation is satisfied. The importance of 
correct computations in engineering cannot be overemphasized. 


1.6 NUMERICAL ACCURACY 


The accuracy of the solution of a problem depends upon two items: 
(1) the accuracy of the given data and (2) the accuracy of the computa- 
tions performed. 

The solution cannot be more accurate than the less accurate of 
these two items. For example, if the loading of a bridge is known to be 
75,000 Ib with a possible error of 100 lb either way, the relative error 
which measures the degree of accuracy of the data is 


100 Ib 


- 20018 =015 t 
75,000 Ib ee 


In computing the reaction at one of the bridge supports, it would then 
be meaningless to record it as 14,322 lb. The accuracy of the solution 
cannot be greater than 0.13 percent, no matter how accurate the com- 
putations are, and the possible error in the answer may be as large as 
(0.13/100)(14,322 Ib) ~ 20 Ib. The answer should be properly recorded 
as 14,320 + 20 lb. 

In engineering problems, the data are seldom known with an 
accuracy greater than 0.2 percent. It is therefore seldom justified to 
write the answers to such problems with an accuracy greater than 0.2 
percent. A practical rule is to use 4 figures to record numbers begin- 
ning with a “1” and 3 figures in all other cases. Unless otherwise indi- 
cated, the data given in a problem should be assumed known with a 
comparable degree of accuracy. A force of 40 Ib, for example, should 
be read 40.0 lb, and a force of 15 Ib should be read 15.00 lb. 

Pocket electronic calculators are widely used by practicing engi- 
neers and engineering students. The speed and accuracy of these cal- 
culators facilitate the numerical computations in the solution of many 
problems. However, students should not record more significant fig- 
ures than can be justified merely because they are easily obtained. As 
noted above, an accuracy greater than 0.2 percent is seldom necessary 
or meaningful in the solution of practical engineering problems. 
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Many engineering problems can be 
solved by considering the equilibrium of 
a “particle.” In the case of this 
excavator, which is being loaded onto 
a ship, a relation between the tensions 
in the various cables involved can be 
obtained by considering the equilibrium 
of the hook to which the cables are 
attached. 
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2.1 INTRODUCTION 


In this chapter you will study the effect of forces acting on particles. 
First you will learn how to replace two or more forces acting on a 
given particle by a single force having the same effect as the original 
forces. This single equivalent force is the resultant of the original 
forces acting on the particle. Later the relations which exist among 
the various forces acting on a particle in a state of equilibrium will 
be derived and used to determine some of the forces acting on the 
particle. 

The use of the word “particle” does not imply that our study 
will be limited to that of small corpuscles. What it means is that the 
size and shape of the bodies under consideration will not significantly 
affect the solution of the problems treated in this chapter and that 
all the forces acting on a given body will be assumed to be applied 
at the same point. Since such an assumption is verified in many 
practical applications, you will be able to solve a number of engineer- 
ing problems in this chapter. 

The first part of the chapter is devoted to the study of forces 
contained in a single plane, and the second part to the analysis of 
forces in three-dimensional space. 


FORCES IN A PLANE 


2.2 FORCE ON A PARTICLE. RESULTANT 
OF TWO FORCES 


A force represents the action of one body on another and is generally 
characterized by its point of application, its magnitude, and its direc- 
tion. Forces acting on a given particle, however, have the same point 
of application. Each force considered in this chapter will thus be 
completely defined by its magnitude and direction. 

The magnitude of a force is characterized by a certain num- 
ber of units. As indicated in Chap. 1, the SI units used by engi- 
neers to measure the magnitude of a force are the newton (N) and 
its multiple the kilonewton (kN), equal to 1000 N, while the U.S. 
customary units used for the same purpose are the pound (Ib) and 
its multiple the kilopound (kip), equal to 1000 lb. The direction 
of a force is defined by the line of action and the sense of the 
force. The line of action is the infinite straight line along which 
the force acts; it is characterized by the angle it forms with some 
fixed axis (Fig. 2.1). The force itself is represented by a segment of 


Ww ey 
30° 


that line; through the use of an appropriate scale, the length of this 
segment may be chosen to represent the magnitude of the force. 
Finally, the sense of the force should be indicated by an arrowhead. 
It is important in defining a force to indicate its sense. Two forces 
having the same magnitude and the same line of action but different 
sense, such as the forces shown in Fig. 2.1a and b, will have directly 
opposite effects on a particle. 

Experimental evidence shows that two forces P and Q acting 
ona particle A (Fig. 2.2a) can be replaced by a single force R which 
has the same effect on the particle (Fig. 2.2c). This force is called 
the resultant of the forces P and Q and can be obtained, as shown 
in Fig. 2.2b, by constructing a parallelogram, using P and Q as two 
adjacent sides of the parallelogram. The diagonal that passes through 
A represents the resultant. This method for finding the resultant is 
known as the parallelogram law for the addition of two forces. This 
law is based on experimental evidence; it cannot be proved or derived 
mathematically. 


2.3 VECTORS 


It appears from the above that forces do not obey the rules of addi- 
tion defined in ordinary arithmetic or algebra. For example, two 
forces acting at a right angle to each other, one of 4 lb and the other 
of 3 lb, add up to a force of 5 |b, not to a force of 7 lb. Forces are 
not the only quantities which follow the parallelogram law of addi- 
tion. As you will see later, displacements, velocities, accelerations, and 
momenta are other examples of physical quantities possessing mag- 
nitude and direction that are added according to the parallelogram 
law. All these quantities can be represented mathematically by vec- 
tors, while those physical quantities which have magnitude but not 
direction, such as volume, mass, or energy, are represented by plain 
numbers or scalars. 

Vectors are defined as mathematical expressions possessing 
magnitude and direction, which add according to the parallelo- 
gram law. Vectors are represented by arrows in the illustrations 
and will be distinguished from scalar quantities in this text through 
the use of boldface type (P). In longhand writing, a vector may be 
denoted_by drawing a short arrow above the letter used to repre- 
sent it (P) or by underlining the letter (P). The last method may 
be preferred since underlining can also be used on a typewriter 
or computer. The magnitude of a vector defines the length of the 
arrow used to represent the vector. In this text, italic type will be 
used to denote the magnitude of a vector. Thus, the magnitude of 
the vector P will be denoted by P. 

A vector used to represent a force acting ona given particle 
has a well-defined point of application, namely, the particle itself. 
Such a vector is said to be a fixed, or bound, vector and cannot be 
moved without modifying the conditions of the problem. Other 
physical quantities, however, such as couples (see Chap. 3), are 
represented by vectors which may be freely moved in space; these 


A 


Fig. 2.2 


(a) 


2.3 Vectors 


17 


18 _ Statics of Particles vectors are called free vectors. Still other physical quantities, such 
Pp as forces acting on a rigid body (see Chap. 3), are represented by 
vectors which can be moved, or slid, along their lines of action; 
P. they are known as sliding vectors.t 
Two vectors which have the same magnitude and the same 
direction are said to be equal, whether or not they also have the same 
point of application (Fig. 2.4); equal vectors may be denoted by the 
same letter. 

Fig. 2.4 The negative vector of a given vector P is defined as a vector 
having the same magnitude as P and a direction opposite to that of 
P P (Fig. 2.5); the negative of the vector P is denoted by —P. The 
vectors P and —P are commonly referred to as equal and opposite 

vectors. Clearly, we have 


P+ (-P) =0 


- 2.4 ADDITION OF VECTORS 


Hg: We saw in the preceding section that, by definition, vectors add 


according to the parallelogram law. Thus, the sum of two vectors P 
and Q is obtained by attaching the two vectors to the same point A 
and constructing a parallelogram, using P and Q as two sides of the 
parallelogram (Fig. 2.6). The diagonal that passes through A repre- 
sents the sum of the vectors P and Q, and this sum is denoted by 
P + Q. The fact that the sign + is used to denote both vector and 
scalar addition should not cause any confusion if vector and scalar 
quantities are always carefully distinguished. Thus, we should note 
that the magnitude of the vector P + Q is not, in general, equal to 
the sum P + Q of the magnitudes of the vectors P and Q. 

Since the parallelogram constructed on the vectors P and Q does 
not depend upon the order in which P and Q are selected, we con- 
clude that the addition of two vectors is commutative, and we write 


Fig. 2.6 


P+Q=Q+P (2.1) 


+Some expressions have magnitude and direction, but do not add according to the 
parallelogram law. While these expressions may be represented by arrows, they cannot 
be considered as vectors. 

A group of such expressions is the finite rotations of a rigid body. Place a closed 
book on a table in front of you, so that it lies in the usual fashion, with its front cover 
up and its binding to the left. Now rotate it through 180° about an axis parallel to the 
binding (Fig. 2.32); this rotation may be represented by an arrow of length equal to 
180 units and oriented as shown. Picking up the book as it lies in its new position, rotate 


7 


180° 
(a) (b) 
Fig. 2.3 Finite rotations of a rigid body 


> = 


180° 


From the parallelogram law, we can derive an alternative 
method for determining the sum of two vectors. This method, known 
as the triangle rule, is derived as follows. Consider Fig. 2.6, where 
the sum of the vectors P and Q has been determined by the paral- 
lelogram law. Since the side of the parallelogram opposite Q is equal 
to Q in magnitude and direction, we could draw only half of the 
parallelogram (Fig. 2.72). The sum of the two vectors can thus be 
found by arranging P and Q in tip-to-tail fashion and then connect- 
ing the tail of P with the tip of Q. In Fig. 2.7b, the other half of the 
parallelogram is considered, and the same result is obtained. This 
confirms the fact that vector addition is commutative. 

The subtraction of a vector is defined as the addition of the 
corresponding negative vector. Thus, the vector P — Q representing 
the difference between the vectors P and Q is obtained by adding 
to P the negative vector —Q (Fig. 2.8). We write 


P-—-Q=P+(-Q) (2.2) 


Here again we should observe that, while the same sign is used to 
denote both vector and scalar subtraction, confusion will be avoided 
if care is taken to distinguish between vector and scalar quantities. 

We will now consider the swm of three or more vectors. The 
sum of three vectors P, Q, and S will, by definition, be obtained by 
first adding the vectors P and Q and then adding the vector S to the 
vector P + Q. We thus write 


P+Q+S=(P+Q)+S (2.3) 


Similarly, the sum of four vectors will be obtained by adding the 
fourth vector to the sum of the first three. It follows that the sum 
of any number of vectors can be obtained by applying repeatedly the 
parallelogram law to successive pairs of vectors until all the given 
vectors are replaced by a single vector. 


it now through 180° about a horizontal axis perpendicular to the binding (Fig. 2.3b); this 
second rotation may be represented by an arrow 180 units long and oriented as shown. 
But the book could have been placed in this final position through a single 180° rotation 
about a vertical axis (Fig. 2.3c). We conclude that the sum of the two 180° rotations repre- 
sented by arrows directed respectively along the z and x axes is a 180° rotation represented 
by an arrow directed along the y axis (Fig. 2.3d). Clearly, the finite rotations of a rigid 
body do not obey the parallelogram law of addition; therefore, they cannot be represented 
by vectors. 


180° 


2.4 Addition of Vectors 


Fig. 2.7 


(b) 
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If the given vectors are coplanar, i.e., if they are contained in 
the same plane, their sum can be easily obtained graphically. For this 
case, the repeated application of the triangle rule is preferred to the 
application of the parallelogram law. In Fig. 2.9 the sum of three 
vectors P, Q, and S was obtained in that manner. The triangle rule 
was first applied to obtain the sum P + Q of the vectors P and Q; 
it was applied again to obtain the sum of the vectors P + Q and S. 
The determination of the vector P + Q, however, could have been 
omitted and the sum of the three vectors could have been obtained 
directly, as shown in Fig. 2.10, by arranging the given vectors in tip- 
to-tail fashion and connecting the tail of the first vector with the tip 
of the last one. This is known as the polygon rule for the addition of 
vectors. 

We observe that the result obtained would have been unchanged 
if, as shown in Fig. 2.11, the vectors Q and § had been replaced by 
their sum Q + S. We may thus write 


P+Q+S=(P+Q)+S=P+(Q+S) (2.4) 


which expresses the fact that vector addition is associative. Recalling 
that vector addition has also been shown, in the case of two vectors, 
to be commutative, we write 


P+Q+S=(P+Q)+S=S+(P+Q) 
=S+(Q+P)=S+Q+P 


(2.5) 


This expression, as well as others which may be obtained in the same 
way, shows that the order in which several vectors are added together 
is immaterial (Fig. 2.12). 


Product of a Scalar and a Vector. Since it is convenient to 
denote the sum P + P by 2P, the sum P + P + P by 38P, and, 
in general, the sum of n equal vectors P by the product nP, we 
will define the product nP of a positive integer n and a vector P 
as a vector having the same direction as P and the magnitude nP. 
Extending this definition to include all scalars, and recalling the 
definition of a negative vector given in Sec. 2.3, we define the 
product kP of a scalar k and a vector P as a vector having the same 
direction as P (if k is positive), or a direction opposite to that of 
P (if k is negative), and a magnitude equal to the product of P and 
of the absolute value of k (Fig. 2.13). 


2.5 RESULTANT OF SEVERAL CONCURRENT FORCES 


Consider a particle A acted upon by several coplanar forces, i.e., by 
several forces contained in the same plane (Fig. 2.14a). Since the 
forces considered here all pass through A, they are also said to be 
concurrent. The vectors representing the forces acting on A may be 
added by the polygon rule (Fig. 2.14b). Since the use of the polygon 
rule is equivalent to the repeated application of the parallelogram 
law, the vector R thus obtained represents the resultant of the given 
concurrent forces, ie., the single force which has the same effect on 


the particle A as the given forces. As indicated above, the order in 
which the vectors P, Q, and S representing the given forces are 
added together is immaterial. 


2.6 RESOLUTION OF A FORCE INTO COMPONENTS 


We have seen that two or more forces acting on a particle may be 
replaced by a single force which has the same effect on the particle. 
Conversely, a single force F acting on a particle may be replaced by 
two or more forces which, together, have the same effect on the 
particle. These forces are called the components of the original force 
F, and the process of substituting them for F is called resolving the 
force F into components. 

Clearly, for each force F there exist an infinite number of pos- 
sible sets of components. Sets of two components P and Q are the 
most important as far as practical applications are concerned. But, 
even then, the number of ways in which a given force F may be 
resolved into two components is unlimited (Fig. 2.15). Two cases are 
of particular interest: 


1. One of the Two Components, P, Is Known. The second com- 
ponent, Q, is obtained by applying the triangle rule and join- 
ing the tip of P to the tip of F (Fig. 2.16); the magnitude and 
direction of Q are determined graphically or by trigonometry. 
Once Q has been determined, both components P and Q 
should be applied at A. 

2. The Line of Action of Each Component Is Known. The magni- 
tude and sense of the components are obtained by applying the 
parallelogram law and drawing lines, through the tip of F, par- 
allel to the given lines of action (Fig. 2.17). This process leads 
to two well-defined components, P and Q, which can be deter- 
mined graphically or computed trigonometrically by applying 
the law of sines. 


Many other cases can be encountered; for example, the direc- 
tion of one component may be known, while the magnitude of the 
other component is to be as small as possible (see Sample Prob. 2.2). 
In all cases the appropriate triangle or parallelogram which satisfies 
the given conditions is drawn. 


2.6 Resolution of a Force into Components 


Fig. 2.15 
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SAMPLE PROBLEM 2.1 


The two forces P and Q act on a bolt A. Determine their resultant. 


SOLUTION 


Graphical Solution. A parallelogram with sides equal to P and Q is drawn 
to scale. The magnitude and direction of the resultant are measured and 
found to be 
R = 98N @ = 35° R=98N 235° < 
The triangle rule may also be used. Forces P and Q are drawn in tip-to- 
tail fashion. Again the magnitude and direction of the resultant are measured. 
R=98N a = 35° R = 98N 735° << 
Trigonometric Solution. The triangle rule is again used; two sides and the 
included angle are known. We apply the law of cosines. 
Rh =P +O — 270 cos B 
R? = (40 N)* + (60 N)? — 2(40 N)(60 N) cos 155° 
R = 97.73 N 
Now, applying the law of sines, we write 
sin A sin B sin A sin 155° 


Q R 60N  97.73N 


Solving Eq. (1) for sin A, we have 
(60 N) sin 155° 
97.73 N 


Using a calculator, we first compute the quotient, then its arc sine, 
and obtain 


sin A = 


A = 15.04° Gr = OP sb A = see 
We use 3 significant figures to record the answer (cf. Sec. 1.6): 
R = 97.7N 735.0° <4 


Alternative Trigonometric Solution. We construct the right triangle BCD 
and compute 

CD = (60 N) sin 25° = 25.36 N 

BD = (60 N) cos 25° = 54.38 N 


Then, using triangle ACD, we obtain 
25.36 N 


= A = 15.04° 
nA 5488 N 
25. 
jimall R = 97.73N 
sin A 
Again, a = 20° +A = 35.049 R= 97.7N-235.0° < 


SAMPLE PROBLEM 2.2 


A barge is pulled by two tugboats. If the resultant of the forces exerted by 
the tugboats is a 5000-lb force directed along the axis of the barge, determine 
(a) the tension in each of the ropes knowing that a = 45°, (b) the value of a 
for which the tension in rope 2 is minimum. 


SOLUTION 


a. Tension for a = 45°. Graphical Solution. The parallelogram law is 
used; the diagonal (resultant) is known to be equal to 5000 Ib and to be 
directed to the right. The sides are drawn parallel to the ropes. If the draw- 
ing is done to scale, we measure 


T, = 3700lb = T, = 2600lb 4 


Trigonometric Solution. The triangle rule can be used. We note that the 
triangle shown represents half of the parallelogram shown above. Using the 
law of sines, we write 
fi ne 5000 Ib 
sin 45° sin 30° sin 105° 


With a calculator, we first compute and store the value of the last quo- 
tient. Multiplying this value successively by sin 45° and sin 30°, we obtain 


T, = 3660 Ib Tz = 2590 Ib <4 


b. Value of a for Minimum T>. To determine the value of a for which the 
tension in rope 2 is minimum, the triangle rule is again used. In the sketch 
shown, line 1-1’ is the known direction of T). Several possible directions of T; 
are shown by the lines 2-2’. We note that the minimum value of T, occurs 
when T, and T, are perpendicular. The minimum value of T is 


Tz = (5000 Ib) sin 30° = 2500 Ib 
Corresponding values of T, and a are 


T, = (5000 Ib) cos 30° = 4330 Ib 
a = 90° — 30° a=60° < 
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SOLVING PROBLEMS 
JN TOUR OWN 


r | ‘he preceding sections were devoted to the parallelogram law for the addition 
of vectors and to its applications. 


Two sample problems were presented. In Sample Prob. 2.1, the parallelogram law 
was used to determine the resultant of two forces of known magnitude and direc- 
tion. In Sample Prob. 2.2, it was used to resolve a given force into two components 
of known direction. 


You will now be asked to solve problems on your own. Some may resemble one 
of the sample problems; others may not. What all problems and sample problems 
in this section have in common is that they can be solved by the direct application 
of the parallelogram law. 


Your solution of a given problem should consist of the following steps: 


1. Identify which of the forces are the applied forces and which is the resul- 
tant. It is often helpful to write the vector equation which shows how the forces 
are related. For example, in Sample Prob. 2.1 we would have 


R=P+Q 


You may want to keep that relation in mind as you formulate the next part of your 
solution. 


2. Draw a parallelogram with the applied forces as two adjacent sides and 
the resultant as the included diagonal (Fig. 2.2). Alternatively, you can use the 
triangle rule, with the applied forces drawn in tip-to-tail fashion and the resultant 
extending from the tail of the first vector to the tip of the second (Fig. 2.7). 


3. Indicate all dimensions. Using one of the triangles of the parallelogram, or 
the triangle constructed according to the triangle rule, indicate all dimensions— 
whether sides or angles—and determine the unknown dimensions either graphi- 
cally or by trigonometry. If you use trigonometry, remember that the law of cosines 
should be applied first if two sides and the included angle are known [Sample 
Prob. 2.1], and the law of sines should be applied first if one side and all angles 
are known [Sample Prob. 2.2]. 


If you have had prior exposure to mechanics, you might be tempted to ignore the 
solution techniques of this lesson in favor of resolving the forces into rectangular 
components. While this latter method is important and will be considered in the 
next section, use of the parallelogram law simplifies the solution of many problems 
and should be mastered at this time. 


2.1 


2.2 


2.3 


2.4 


2.5 


2.6 


2.7 


PROBLEMS! 


Two forces P and Q are applied as shown at point A of a hook 
support. Knowing that P = 75 N and Q = 125 N, determine 
graphically the magnitude and direction of their resultant using 
(a) the parallelogram law, (b) the triangle rule. 


Two forces P and Q are applied as shown at point A of a hook 
support. Knowing that P = 60 lb and Q = 25 lb, determine 
graphically the magnitude and direction of their resultant using 
(a) the parallelogram law, (b) the triangle rule. 


The cable stays AB and AD help support pole AC. Knowing that the 
tension is 120 lb in AB and 40 lb in AD, determine graphically the 
magnitude and direction of the resultant of the forces exerted by 
the stays at A using (@) the parallelogram law, (b) the triangle rule. 


Le 8 ft 


Fig. P2.3 


Two forces are applied at point B of beam AB. Determine graphi- 
cally the magnitude and direction of their resultant using (a) the 
parallelogram law, (b) the triangle rule. 


The 300-lb force is to be resolved into components along lines a-a' 
and b-b’. (a) Determine the angle a by trigonometry knowing that 
the component along line a-a' is to be 240 Ib. (b) What is the cor- 
responding value of the component along b-b'? 


The 300-lb force is to be resolved into components along lines a-a' 
and b-b’. (a) Determine the angle a by trigonometry knowing that 
the component along line b-b' is to be 120 lb. (b) What is the cor- 
responding value of the component along a-a'? 


Two forces are applied as shown to a hook support. Knowing that 
the magnitude of P is 35 N, determine by trigonometry (a) the 
required angle a if the resultant R of the two forces applied to 
the support is to be horizontal, (b) the corresponding magni- 
tude of R. 


A 


90°! 35° 
Q 
P 


Fig. P2.1 and P2.2 


A 
B 
ie 60° 3kN 
2kN 


Fig. P2.4 


300 Ib b 


GF 60° 
a a' 


b' 
Fig. P2.5 and P2.6 


50 N 
25° | 
a 
a 
P 


Fig. P2.7 


tAnswers to all problems set in straight type (such as 2.1) are given at the end of the 
book. Answers to problems with a number set in italic type (such as 2.4) are not given. 
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Fig. P2.9 and P2.10 


2.8 


2.9 


2.10 


2.11 


2.12 


2.13 


2.14 


2.15 
2.16 


2.17 


For the hook support of Prob. 2.1, knowing that the magnitude of 
P is 75 N, determine by trigonometry (a) the required magnitude 
of the force Q if the resultant R of the two forces applied at A is 
to be vertical, (b) the corresponding magnitude of R. 


A trolley that moves along a horizontal beam is acted upon by two 
forces as shown. (a) Knowing that a = 25°, determine by trigo- 
nometry the magnitude of the force P so that the resultant force 
exerted on the trolley is vertical. (b) What is the corresponding 
magnitude of the resultant? 


A trolley that moves along a horizontal beam is acted upon by two 
forces as shown. Determine by trigonometry the magnitude and 
direction of the force P so that the resultant is a vertical force of 
2500 N. 


A steel tank is to be positioned in an excavation. Knowing that 
a = 20°, determine by trigonometry (a) the required magnitude 
of the force P if the resultant R of the two forces applied at A is 
to be vertical, (b) the corresponding magnitude of R. 


Fig. P2.11 and P2.12 


A steel tank is to be positioned in an excavation. Knowing that 
the magnitude of P is 500 lb, determine by trigonometry (a) the 
required angle @ if the resultant R of the two forces applied at A 
is to be vertical, (b) the corresponding magnitude of R. 


For the hook support of Prob. 2.7, determine by trigonometry 
(a) the magnitude and direction of the smallest force P for which 
the resultant R of the two forces applied to the support is hori- 
zontal, (b) the corresponding magnitude of R. 


For the steel tank of Prob. 2.11, determine by trigonometry 
(a) the magnitude and direction of the smallest force P for which 
the resultant R of the two forces applied at A is vertical, (b) the 
corresponding magnitude of R. 

Solve Prob. 2.2 by trigonometry. 

Solve Prob. 2.3 by trigonometry. 


Solve Prob. 2.4 by trigonometry. 


2.18 Two structural members A and B are bolted to a bracket as shown. 
Knowing that both members are in compression and that the force 
is 15 kN in member A and 10 kN in member B, determine by 
trigonometry the magnitude and direction of the resultant of the 
forces applied to the bracket by members A and B. 


2.19 Two structural members A and B are bolted to a bracket as shown. 
Knowing that both members are in compression and that the force 
is 10 kN in member A and 15 kN in member B, determine by 
trigonometry the magnitude and direction of the resultant of the 
forces applied to the bracket by members A and B. 


2.20 For the hook support of Prob. 2.7, knowing that P = 75 N and 
a = 50°, determine by trigonometry the magnitude and direction 
of the resultant of the two forces applied to the support. 


2.7 RECTANGULAR COMPONENTS OF A FORCE. 
UNIT VECTORST 


In many problems it will be found desirable to resolve a force into 
two components which are perpendicular to each other. In Fig. 2.18, 
the force F has been resolved into a component F, along the x axis 
and a component F, along the y axis. The parallelogram drawn to 
obtain the two components is a rectangle, and F, and F,, are called 
rectangular components. 


y 
| 
| 
| 
. | 
F, | 
| 
| 
() | 
O F, x 
Fig. 2.18 


The x and y axes are usually chosen horizontal and vertical, 
respectively, as in Fig. 2.18; they may, however, be chosen in any 
two perpendicular directions, as shown in Fig. 2.19. In determining 
the rectangular components of a force, the student should think of 
the construction lines shown in Figs. 2.18 and 2.19 as being parallel 
to the x and y axes, rather than perpendicular to these axes. This 
practice will help avoid mistakes in determining oblique compo- 
nents as in Sec. 2.6. 


+The properties established in Secs. 2.7 and 2.8 may be readily extended to the 
rectangular components of any vector quantity. 


2.7 Rectangular Components of a Force. Unit 
Vectors 


Fig. P2.18 and P2.19 


*\ 


Fig. 2.19 
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j t al =1 


i 


Fig. 2.20 


Fig. 2.21 


Two vectors of unit magnitude, directed respectively along the 
positive x and y axes, will be introduced at this point. These vectors 
are called unit vectors and are denoted by i and j, respectively 
(Fig. 2.20). Recalling the definition of the product of a scalar and a 
vector given in Sec. 2.4, we note that the rectangular components 
F, and F, of a force F may be obtained by multiplying respectively 
the unit vectors i and j by appropriate scalars (Fig. 2.21). We write 

F,=Fi F,=F,j (2.6) 


and 
Bee (2.7) 


While the scalars F, and F, may be positive or negative, depending 
upon the sense of F, and of F,, their absolute values are respectively 
equal to the magnitudes of the component forces F, and F,. The 
scalars F, and F, are called the scalar components of the force F, 
while the actual component forces F, and F, should be referred to 
as the vector components of F. However, when there exists no pos- 
sibility of confusion, the vector as well as the scalar components of 
F may be referred to simply as the components of F. We note that 
the scalar component F,, is positive when the vector component F, 
has the same sense as the unit vector i (i.e., the same sense as the 
positive x axis) and is negative when F, has the opposite sense. A 
similar conclusion may be drawn regarding the sign of the scalar 
component Fy. 

Denoting by F the magnitude of the force F and by 6 the angle 
between F and the x axis, measured counterclockwise from the posi- 
tive x axis (Fig. 2.21), we may express the scalar components of F as 
follows: 


F. = F cos 0 Gs (8 in) (2.8) 


We note that the relations obtained hold for any value of the angle 
6 from 0° to 360° and that they define the signs as well as the abso- 
lute values of the scalar components F, and F,,. 


EXAMPLE 1. A force of 800 N is exerted on a bolt A as shown in 
Fig. 2.22a. Determine the horizontal and vertical components of the force. 
In order to obtain the correct sign for the scalar components F, and 


Fy the value 180° — 35° = 145° should be substituted for @ in Eqs. (2.8). 


However, it will be found more practical to determine by inspection the 
signs of F, and F,, (Fig. 2.22b) and to use the trigonometric functions of the 
angle a = 35°. We write, therefore, 

F, = —F cosa = —(800 N) cos 35° = — 655 N 

f= a sn ae = +(800 N) sin 35° = +459 N 
The vector components of F are thus 

F, = —(655 N)i F, = +(459 N)j 

and we may write F in the form 


F = —(655 N)i + (459 N)j m 


EXAMPLE 2. A man pulls with a force of 300 N on a rope attached to 
a building, as shown in Fig. 2.23a. What are the horizontal and vertical 
components of the force exerted by the rope at point AP 

It is seen from Fig. 2.23b that 


F, = +(300 N) cosa F, = =(300 N) sine 
Observing that AB = 10 m, we find from Fig. 2.23a 


8m 8m 4 ; 6m 6m 3 
cose "AB 10m. ‘5 me VAB 10m 5 
We thus obtain 
F, = +(300 N) = +240 N F, =—(300 N); =—180 N 
and write 


F = (240 N)i — (180 N)j @ 


When a force F is defined by its rectangular components F, 
and F, (see Fig. 2.21), the angle 6 defining its direction can be 
obtained by writing 


6 Fy (2.9) 
au) = : 
an F. 

| | 
The magnitude F of the force can be obtained by applying the 
Pythagorean theorem and writing 


F= VF. + Fy (2.10) 


or by solving for F one of the Eqs. (2.8). 


EXAMPLE 3. A force F = (700 lb)i + (1500 lb)j is applied to a bolt A. 
Determine the magnitude of the force and the angle @ it forms with the 
horizontal. 

First we draw a diagram showing the two rectangular components of 
the force and the angle 6 (Fig. 2.24). From Eq. (2.9), we write 


F, 1500 1b 
~ F, 700 1b 
Using a calculator,t we enter 1500 Ib and divide by 700 Ib; computing 


the arc tangent of the quotient, we obtain 6 = 65.0°. Solving the second of 
Eqs. (2.8) for F, we have 


Fy 1500 Ib 
sin@ sin 65.0° 


= 1655 |b 


The last calculation is facilitated if the value of F, is stored when originally 
entered; it may then be recalled to be divided by sin 6. ™ 


tIt is assumed that the calculator used has keys for the computation of trigonometric 
and inverse trigonometric functions. Some calculators also have keys for the direct 
conversion of rectangular coordinates into polar coordinates, and vice versa. Such 
calculators eliminate the need for the computation of trigonometric functions in 
Examples 1, 2, and 3 and in problems of the same type. 


2.7 Rectangular Components of a Force. Unit 


Vectors 


x 
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Ryj 
A 
R,i 
(c) 
| 
| 
R/ | 
| 
| 
| 
6 | 
A 
(d) 
Fig. 2.25 


2.8 ADDITION OF FORCES BY SUMMING 
X AND Y COMPONENTS 


It was seen in Sec. 2.2 that forces should be added according to the 
parallelogram law. From this law, two other methods, more readily 
applicable to the graphical solution of problems, were derived in 
Secs. 2.4 and 2.5: the triangle rule for the addition of two forces and 
the polygon rule for the addition of three or more forces. It was also 
seen that the force triangle used to define the resultant of two forces 
could be used to obtain a trigonometric solution. 

When three or more forces are to be added, no practical trigo- 
nometric solution can be obtained from the force polygon which 
defines the resultant of the forces. In this case, an analytic solution 
of the problem can be obtained by resolving each force into two 
rectangular components. Consider, for instance, three forces P, Q, 
and § acting on a particle A (Fig. 2.25a). Their resultant R is 
defined by the relation 


R=P+Q+S5S (2.11) 
Resolving each force into its rectangular components, we write 


Ra + Bj = Pa + Pj + Oat QO,j + Sit 8, 
=F, PQ, + Sl Ey Ope Sy) 


from which it follows that 
R, =P, + Qe +S, Ry =P,+Q,+58, — (2.12) 
or, for short, 


Ras = Se (2.13) 
We thus conclude that the scalar components R, and R, of the 
resultant R of several forces acting on a particle are obtained by 
adding algebraically the corresponding scalar components of the 
given forces. t 

In practice, the determination of the resultant R is carried out 
in three steps as illustrated in Fig. 2.25. First the given forces shown 
in Fig. 2.25a are resolved into their x and y components (Fig. 2.25)). 
Adding these components, we obtain the x and y components of R 
(Fig. 2.25c). Finally, the resultant R = R,i + R,j is determined by 
applying the parallelogram law (Fig. 2.25d). The procedure just 
described will be carried out most efficiently if the computations are 
arranged in a table. While it is the only practical analytic method for 
adding three or more forces, it is also often preferred to the trigo- 
nometric solution in the case of the addition of two forces. 


tClearly, this result also applies to the addition of other vector quantities, such as 
velocities, accelerations, or momenta. 


SAMPLE PROBLEM 2.3 


F,: 150N Four forces act on bolt A as shown. Determine the resultant of the forces 
on the bolt. 


F,: 100N 


SOLUTION 


(F3, cos 20' )j The x and y components of each force are determined by trigonometry as 
shown and are entered in the table below. According to the convention 
adopted in Sec. 2.7, the scalar number representing a force component is 
positive if the force component has the same sense as the corresponding 
coordinate axis. Thus, x components acting to the right and y components 
acting upward are represented by positive numbers. 


| 
| 
| 
| 
| 
sin 20! )i 
Ke (F4 cos 15' )i 


—(F, sin 15' )j 
Force Magnitude, N x Component, N y Component, N 
fies] 
a F, 150 +129.9 +75.0 
F, 80 -27.4 +75.2 
F, 110 0 ~110.0 
F, 100 +96.6 —25.9 
R, = +199.1 R, = +143 
Thus, the resultant R of the four forces is 
R=Rit+Rj R= (199.1 Nit+ (43Nj 4 
The magnitude and direction of the resultant may now be determined. 
From the triangle shown, we have 
Y Ry,  143N 
—-------- ~~~ — R tana = = a =4,1° 
@ R, 199.1N 
Z p : i 14.3 N 
(14.3 N)j R= (199..N)i R =—~— = 199.6N R= 1996N 241° < 
sin a@ 


With a calculator, the last computation may be facilitated if the value 
of R, is stored when originally entered; it may then be recalled to be divided 
by sin a. (Also see the footnote on p. 29.) 
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SOLVING PROBLEMS 
ON TOUR OWN 


be saw in the preceding lesson that the resultant of two forces may be deter- 
mined either graphically or from the trigonometry of an oblique triangle. 


A. When three or more forces are involved, the determination of their resultant 
R is best carried out by first resolving each force into rectangular components. 
Two cases may be encountered, depending upon the way in which each of the 
given forces is defined: 


Case 1. The force F is defined by its magnitude F and the angle a it forms 
with the x axis. The x and y components of the force can be obtained by multi- 
plying F by cos @ and sin a, respectively [Example 1]. 


Case 2. The force F is defined by its magnitude F and the coordinates of 
two points A and B on its line of action (Fig. 2.23). The angle @ that F forms 
with the x axis may first be determined by trigonometry. However, the components 
of F may also be obtained directly from proportions among the various dimensions 
involved, without actually determining a [Example 2]. 


B. Rectangular components of the resultant. The components R, and R, of the 
resultant can be obtained by adding algebraically the corresponding components 
of the given forces [Sample Prob. 2.3]. 


You can express the resultant in vectorial form using the unit vectors i and j, which 
are directed along the x and y axes, respectively: 


R=Ri+ R,j 


Alternatively, you can determine the magnitude and direction of the resultant by 
solving the right triangle of sides R, and R, for R and for the angle that R forms 
with the x axis. 


PROBLEMS 


2.21 and 2.22 Determine the x and y components of each of the j 
forces shown. 


y 
800 ——~ 
Dimensions 
| 96 in. 
i. 
x 
K— 560 —>—480 >| lis 48 in>| 
Fig. P2.21 Fig. P2.22 
2.23 and 2.24 Determine the x and y components of each of the 
forces shown. y 
y 120 N 


60 lb 80 N 
150 N 


401 
50 lb : 


Fig. P2.23 

2.25 Member BD exerts on member ABC a force P directed along 
line BD. Knowing that P must have a 300-lb horizontal compo- 

nent, determine (a) the magnitude of the force P, (b) its vertical 


component. 


Fig. P2.24 


Fig. P2.25 
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Fig. P2.29 


Fig. P2.35 


2.26 


2.27 


2.28 


2.29 


2.30 


2.31 
2.32 
2.33 
2.34 
2.35 


Fig. P2.26 


The hydraulic cylinder BD exerts on member ABC a force P 
directed along line BD. Knowing that P must have a 750-N com- 
ponent perpendicular to member ABC, determine (a) the magni- 
tude of the force P, (b) its component parallel to ABC. 


The guy wire BD exerts on the telephone pole AC a force P 
directed along BD. Knowing that P must have a 120-N component 
perpendicular to the pole AC, determine (a) the magnitude of the 
force P, (b) its component along line AC. 


The guy wire BD exerts on the telephone pole AC a force P directed 
along BD. Knowing that P has a 180-N component along line AC, 
determine (a) the magnitude of the force P, (b) its component in 
a direction perpendicular to AC. 


Member CB of the vise shown exerts on block B a force P directed 
along line CB. Knowing that P must have a 1200-N horizontal 
component, determine (a) the magnitude of the force P, (D) its verti- 
cal component. 


Cable AC exerts on beam AB a force P directed along line AC. 
Knowing that P must have a 350-lb vertical component, determine 
(a) the magnitude of the force P, (b) its horizontal component. 


Fig. P2.30 
Determine the resultant of the three forces of Prob. 2.22. 


Determine the resultant of the three forces of Prob. 2.24. 
Determine the resultant of the three forces of Prob. 2.23. 
Determine the resultant of the three forces of Prob. 2.21. 


Knowing that a = 35°, determine the resultant of the three forces 
shown. 


2.36 Knowing that the tension in cable BC is 725 N, determine the 
resultant of the three forces exerted at point B of beam AB. 


L: 1160mm 


800 mm 


780 N 


500 N 


Fig. P2.36 


2.37 Knowing that a = 40°, determine the resultant of the three forces 
shown. 


2.38 Knowing that a = 75°, determine the resultant of the three forces 
shown. 


2.39 For the collar of Prob. 2.35, determine (a) the required value of 
a if the resultant of the three forces shown is to be vertical, (b) the 
corresponding magnitude of the resultant. 


2.40 For the beam of Prob. 2.36, determine (a) the required tension in 
cable BC if the resultant of the three forces exerted at point B is to 
be vertical, (b) the corresponding magnitude of the resultant. 


2.41 Determine (a) the required tension in cable AC, knowing that 
the resultant of the three forces exerted at point C of boom BC 
must be directed along BC, (b) the corresponding magnitude of the 
resultant. 


2.42 For the block of Probs. 2.37 and 2.38, determine (a) the required 
value of a if the resultant of the three forces shown is to be parallel 
to the incline, (b) the corresponding magnitude of the resultant. 


2.9 EQUILIBRIUM OF A PARTICLE 


In the preceding sections, we discussed the methods for determining 
the resultant of several forces acting on a particle. Although it has 
not occurred in any of the problems considered so far, it is quite 
possible for the resultant to be zero. In such a case, the net effect 
of the given forces is zero, and the particle is said to be in equilibrium. 
We thus have the following definition: When the resultant of all the 
forces acting on a particle is zero, the particle is in equilibrium. 

A particle which is acted upon by two forces will be in equi- 
librium if the two forces have the same magnitude and the same line 
of action but opposite sense. The resultant of the two forces is then 
zero. Such a case is shown in Fig. 2.26. 
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80 lb 


Fig. P2.37 and P2.38 


Fig. P2.41 


100 Ib 


A 


100 Ib 
Fig. 2.26 
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Fig. 2.27 


F,+ 300 Ib 


F,+ 300 Ib 


F,: 173.2 Ib 


F3: 200 1b 


Another case of equilibrium of a particle is represented in 
Fig. 2.27, where four forces are shown acting on A. In Fig. 2.28, 
the resultant of the given forces is determined by the polygon rule. 
Starting from point O with F, and arranging the forces in tip-to-tail 
fashion, we find that the tip of F, coincides with the starting point 
O. Thus the resultant R of the given system of forces is zero, and 
the particle is in equilibrium. 

The closed polygon drawn in Fig. 2.28 provides a graphical 
expression of the equilibrium of A. To express algebraically the con- 
ditions for the equilibrium of a particle, we write 


R = 2F = 0 (2.14) 


Resolving each force F into rectangular components, we have 
SFitFj)=0 or (SK)i + (Fj =0 


We conclude that the necessary and sufficient conditions for the 
equilibrium of a particle are 


SF.=0 <SF,=0 (2.15) 


Returning to the particle shown in Fig. 2.27, we check that the equi- 
librium conditions are satisfied. We write 


=F, = 300 Ib — (200 Ib) sin 30° — (400 Ib) sin 30° 

= 300 lb — 100 lb — 200 lb = 0 
—173.2 Ib — (200 Ib) cos 30° + (400 Ib) cos 30° 
= —173.2 lb — 173.2 lb + 346.4 lb = 0 


2.10 NEWTON'S FIRST LAW OF MOTION 


In the latter part of the seventeenth century, Sir Isaac Newton for- 
mulated three fundamental laws upon which the science of mechan- 
ics is based. The first of these laws can be stated as follows: 

If the resultant force acting on a particle is zero, the particle 
will remain at rest (if originally at rest) or will move with constant 
speed in a straight line (if originally in motion). 

From this law and from the definition of equilibrium given in 
Sec. 2.9, it is seen that a particle in equilibrium either is at rest or 
is moving in a straight line with constant speed. In the following 
section, various problems concerning the equilibrium of a particle 
will be considered. 


2.11 PROBLEMS INVOLVING THE EQUILIBRIUM 
OF A PARTICLE. FREE-BODY DIAGRAMS 


In practice, a problem in engineering mechanics is derived from an 
actual physical situation. A sketch showing the physical conditions of 
the problem is known as a space diagram. 

The methods of analysis discussed in the preceding sections 
apply to a system of forces acting on a particle. A large number of 
problems involving actual structures, however, can be reduced to 
problems concerning the equilibrium of a particle. This is done by 


=F 


y 


choosing a significant particle and drawing a separate diagram show- 
ing this particle and all the forces acting on it. Such a diagram is 
called a free-body diagram. 

As an example, consider the 75-kg crate shown in the space 
diagram of Fig. 2.29a. This crate was lying between two buildings, 
and it is now being lifted onto a truck, which will remove it. The crate 
is supported by a vertical cable, which is joined at A to two ropes 
which pass over pulleys attached to the buildings at B and C. It is 
desired to determine the tension in each of the ropes AB and AC. 

In order to solve this problem, a free-body diagram showing a 
particle in equilibrium must be drawn. Since we are interested in 
the rope tensions, the free-body diagram should include at least one 
of these tensions or, if possible, both tensions. Point A is seen to be 
a good free body for this problem. The free-body diagram of point 
A is shown in Fig. 2.29b. It shows point A and the forces exerted on 
A by the vertical cable and the two ropes. The force exerted by the 
cable is directed downward, and its magnitude is equal to the weight 
W of the crate. Recalling Eq. (1.4), we write 


W = mg = (75 kg)(9.81 m/s’) = 736 N 


and indicate this value in the free-body diagram. The forces exerted 
by the two ropes are not known. Since they are respectively equal 
in magnitude to the tensions in rope AB and rope AC, we denote 
them by Ty, and Tyc and draw them away from A in the directions 
shown in the space diagram. No other detail is included in the free- 
body diagram. 

Since point A is in equilibrium, the three forces acting on it 
must form a closed triangle when drawn in tip-to-tail fashion. This 
force triangle has been drawn in Fig. 2.29c. The values Ty, and Tyc 
of the tension in the ropes may be found graphically if the triangle 
is drawn to scale, or they may be found by trigonometry. If the latter 
method of solution is chosen, we use the law of sines and write 


Tap Tac 736 N 


sin60° sin 40°_ sin 80° 
Tap = 647 N Tac _ 480 N 


When a particle is in equilibrium under three forces, the problem 
can be solved by drawing a force triangle. When a particle is in equi- 
librium under more than three forces, the problem can be solved graph- 
ically by drawing a force polygon. If an analytic solution is desired, the 
equations of equilibrium given in Sec. 2.9 should be solved: 


S20 SF, = 6 (2.15) 


These equations can be solved for no more than two unknowns; 
similarly, the force triangle used in the case of equilibrium under 
three forces can be solved for two unknowns. 

The more common types of problems are those in which the 
two unknowns represent (1) the two components (or the magnitude 
and direction) of a single force, (2) the magnitudes of two forces, 
each of known direction. Problems involving the determination of 
the maximum or minimum value of the magnitude of a force are also 
encountered (see Probs. 2.57 through 2.61). 


2.11 Problems Involving the Equilibrium of a 37 
Particle. Free-Body Diagrams 


736 N 


(b) Free-body diagram (c) Force triangle 
Fig. 2.29 


Photo 2.1 As illustrated in the above example, 
it is possible to determine the tensions in the 
cables supporting the shaft shown by treating 
the hook as a particle and then applying the 
equations of equilibrium to the forces acting on 


the hook. 
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3500 lb 


W: 


(30 kg)(9.81 m/s?) 
= 2O4N 


TOO oie” <= / 


SAMPLE PROBLEM 2.4 


In a ship-unloading operation, a 3500-lb automobile is supported by a cable. 
A rope is tied to the cable at A and pulled in order to center the automobile 
over its intended position. The angle between the cable and the vertical is 2°, 
while the angle between the rope and the horizontal is 30°. What is the 
tension in the rope? 


SOLUTION 


Free-Body Diagram. Point A is chosen as a free body, and the complete 
free-body diagram is drawn. Tyg is the tension in the cable AB, and Tyc is 
the tension in the rope. 


Equilibrium Condition. Since only three forces act on the free body, we draw 
a force triangle to express that it is in equilibrium. Using the law of sines, we 
write 

Tap Tac 3500 lb 


sin 120° sin 2° sin 58° 
With a calculator, we first compute and store the value of the last quotient. 
Multiplying this value successively by sin 120° and sin 2°, we obtain 


Tap = 3570 lb Tac = 144 lb < 


SAMPLE PROBLEM 2.5 


Determine the magnitude and direction of the smallest force F which will 
maintain the package shown in equilibrium. Note that the force exerted by 
the rollers on the package is perpendicular to the incline. 


SOLUTION 


Free-Body Diagram. We choose the package as a free body, assuming that 
it can be treated as a particle. We draw the corresponding free-body 
diagram. 


Equilibrium Condition. Since only three forces act on the free body, we 
draw a force triangle to express that it is in equilibrium. Line 1-1’ represents 
the known direction of P. In order to obtain the minimum value of the force 
F, we choose the direction of F perpendicular to that of P. From the geom- 
etry of the triangle obtained, we find 
F = (294) sin 15° =761N a = 15° 
F=76.1NSI15° < 


ay mene SAMPLE PROBLEM 2.6 
B 


As part of the design of a new sailboat, it is desired to determine the drag force 
which may be expected at a given speed. To do so, a model of the proposed hull 
is placed in a test channel and three cables are used to keep its bow on the cen- 
terline of the channel. Dynamometer readings indicate that for a given speed, 
the tension is 40 Ib in cable AB and 60 lb in cable AE. Determine the drag force 
exerted on the hull and the tension in cable AC. 


SOLUTION 


Determination of the Angles. First, the angles @ and f defining the direc- 
tion of cables AB and AC are determined. We write 


att 1.5 ft 
Se : (375 
tana Af vs tan B Aft 
a = 60.26° B = 20.56° 


Free-Body Diagram. Choosing the hull as a free body, we draw the free- 
body diagram shown. It includes the forces exerted by the three cables on 
Tyr? 60 1b the hull, as well as the drag force Fp exerted by the flow. 


Equilibrium Condition. We express that the hull is in equilibrium by writ- 
ing that the resultant of all forces is zero: 

R = Typ + Tac + Tar + Fp = 0 (1) 
Since more than three forces are involved, we resolve the forces into x and y 
components: 

Ty, = —(40 Ib) sin 60.26% + (40 Ib) cos 60.26j 

—(34.73 Ib)i + (19.84 Ib)j 
Tac = Tac sin 20.56°I + Ty cos 20.565j 
0.3512Tyci + 0.93637 ycj 
Tar = —(60 lb)jj 
F, = Foi 


Substituting the expressions obtained into Eq. (1) and factoring the unit 
vectors i and j, we have 


(—34.73 Ib + 0.3512Tyc + Fp)i + (19.84 Ib + 0.9363T,, — 60 Ib)j = 0 


This equation will be satisfied if, and only if, the coefficients of i and j are 
equal to zero. We thus obtain the following two equilibrium equations, 
which express, respectively, that the sum of the x components and the sum 
of the y components of the given forces must be zero. 


CF, = 0:) =34.73 lb + 0:3512T,c + Fp = 0 (2) 

ee Loe Weal (ZF, = 0:) 19.84 Ib + 0.9363Tyc — 60 Ib = 0 (3) 
From Eq. (3) we find Tic = +42.9 lb <4 

B= 20.56 a Bare OOlb and, substituting this value into Eq. (2), Fp = +19.66 lb 4 
a= 60.26' In drawing the free-body diagram, we assumed a sense for each unknown 


force. A positive sign in the answer indicates that the assumed sense is correct. 


Tip: 40lb 
sik The complete force polygon may be drawn to check the results. 
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SOLVING FPROBLEMS 
JN TOUR OWN 


hen a particle is in equilibrium, the resultant of the forces acting on the 

particle must be zero. Expressing this fact in the case of a particle under 
coplanar forces will provide you with two relations among these forces. As you saw 
in the preceding sample problems, these relations may be used to determine two 
unknowns—such as the magnitude and direction of one force or the magnitudes 
of two forces. 


Drawing a free-body diagram is the first step in the solution of a problem 
involving the equilibrium of a particle. This diagram shows the particle and all the 
forces acting on it. Indicate in your free-body diagram the magnitudes of known 
forces, as well as any angle or dimensions that define the direction of a force. Any 
unknown magnitude or angle should be denoted by an appropriate symbol. Noth- 
ing else should be included in the free-body diagram. 


Drawing a clear and accurate free-body diagram is a must in the solution of any 
equilibrium problem. Skipping this step might save you pencil and paper, but is very 
likely to lead you to a wrong solution. 


Case 1. If only three forces are involved in the free-body diagram, the rest of 
the solution is best carried out by drawing these forces in tip-to-tail fashion to 
form a force triangle. This triangle can be solved graphically or by trigonometry 
for no more than two unknowns [Sample Probs. 2.4 and 2.5]. 


Case 2. If more than three forces are involved, it is to your advantage to use 
an analytic solution. You select x and y axes and resolve each of the forces shown 
in the free-body diagram into x and y components. Expressing that the sum of the 
x components and the sum of the y components of all the forces are both zero, 
you will obtain two equations which you can solve for no more than two unknowns 
[Sample Prob. 2.6]. 


It is strongly recommended that when using an analytic solution the equations of 
equilibrium be written in the same form as Eqs. (2) and (3) of Sample Prob. 2.6. 
The practice adopted by some students of initially placing the unknowns on the 
left side of the equation and the known quantities on the right side may lead to 
confusion in assigning the appropriate sign to each term. 


We have noted that regardless of the method used to solve a two-dimensional 
equilibrium problem we can determine at most two unknowns. If a two-dimensional 
problem involves more than two unknowns, one or more additional relations must 
be obtained from the information contained in the statement of the problem. 


PROBLEMS 


2.43 Two cables are tied together at C and are loaded as shown. Know- 
ing that a = 20°, determine the tension (a) in cable AC, (b) in 
cable BC. 


2.44 Two cables are tied together at C and are loaded as shown. Deter- 
mine the tension (a) in cable AC, (b) in cable BC. 


200 kg 
Fig. P2.43 


Fig. P2.44 


2.45 Two cables are tied together at C and are loaded as shown. Know- 
ing that P = 500 N and a = 60°, determine the tension in (a) in 
cable AC, (b) in cable BC. Fig. P2.45 


2.46 Two cables are tied together at C and are loaded as shown. Deter- 
mine the tension (a) in cable AC, (b) in cable BC. 


Fig. P2.46 


Al 


42 Statics of Particles 2.47 Knowing that a = 20°, determine the tension (a) in cable AC, (b) in 
rope BC. 


1200 lb 


Fig. P2.47 


2.48 Knowing that a = 55° and that boom AC exerts on pin C a force 
directed along line AC, determine (a) the magnitude of that force, 
(b) the tension in cable BC. 


2.49 Two forces P and Q are applied as shown to an aircraft connection. 
Knowing that the connection is in equilibrium and that P = 500 Ib 
and Q = 650 lb, determine the magnitudes of the forces exerted 
on the rods A and B. 


Fig. P2.48 


FR 


Fig. P2.49 and P2.50 


2.50 Two forces P and Q are applied as shown to an aircraft connection. 
Knowing that the connection is in equilibrium and that the mag- 
nitudes of the forces exerted on rods A and B are Fy, = 750 lb and 
F = 400 lb, determine the magnitudes of P and Q. 


2.51 A welded connection is in equilibrium under the action of the four 
forces shown. Knowing that F, = 8 kN and F, = 16 kN, determine 
the magnitudes of the other two forces. 


2.52 A welded connection is in equilibrium under the action of the four 
forces shown. Knowing that Fy = 5 kN and Fp = 6 KN, determine 
Fig. P2.51 and P2.52 the magnitudes of the other two forces. 


2.53 


2.54 


2.55 


2.56 


2.57 


2.58 


2.59 


2.60 


Two cables tied together at C are loaded as shown. Knowing that Q = 
60 Ib, determine the tension (a) in cable AC, (b) in cable BC. 


Two cables tied together at C are loaded as shown. Determine the 
range of values of Q for which the tension will not exceed 60 lb in 
either cable. 


A sailor is being rescued using a boatswain’s chair that is suspended 
from a pulley that can roll freely on the support cable ACB and is 
pulled at a constant speed by cable CD. Knowing that a = 30° 
and B = 10° and that the combined weight of the boatswain’s chair 
and the sailor is 900 N, determine the tension (a) in the support 
cable ACB, (b) in the traction cable CD. 


Fig. P2.55 and P2.56 


A sailor is being rescued using a boatswain’s chair that is suspended 
from a pulley that can roll freely on the support cable ACB and is 
pulled at a constant speed by cable CD. Knowing that a = 25° 
and 8 = 15° and that the tension in cable CD is 80 N, determine 
(a) the combined weight of the boatswain’s chair and the sailor, 
(b) the tension in the support cable ACB. 


For the cables of Prob. 2.45, it is known that the maximum allow- 
able tension is 600 N in cable AC and 750 N in cable BC. Determine 
(a) the maximum force P that can be applied at C, (b) the corre- 
sponding value of a. 


For the situation described in Fig. P2.47, determine (a) the value 
of a for which the tension in rope BC is as small as possible, (b) the 
corresponding value of the tension. 


For the structure and loading of Prob. 2.48, determine (a) the 
value of a for which the tension in cable BC is as small as possible, 
(b) the corresponding value of the tension. 


Knowing that portions AC and BC of cable ACB must be equal, 
determine the shortest length of cable that can be used to support 
the load shown if the tension in the cable is not to exceed 870 N. 


Problems 


Fig. P2.53 and P2.54 


Fig. P2.60 
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B 2.62 


20in. 9.63 


50 Ib 


|. 


x 2.64 


Fig. P2.63 and P2.64 
2.65 


2.66 


2.67 


160 kg 
Fig. P2.65 and P2.66 


Two cables tied together at C are loaded as shown. Knowing 
that the maximum allowable tension in each cable is 800 N, deter- 
mine (a) the magnitude of the largest force P that can be applied 
at C, (b) the corresponding value of a. 


Fig. P2.61 and P2.62 


Two cables tied together at C are loaded as shown. Knowing that 
the maximum allowable tension is 1200 N in cable AC and 600 N 
in cable BC, determine (a) the magnitude of the largest force P 
that can be applied at C, (b) the corresponding value of a. 


Collar A is connected as shown to a 50-Ib load and can slide on a 
frictionless horizontal rod. Determine the magnitude of the force 
P required to maintain the equilibrium of the collar when (a) x = 
4.5 in., (b) x = 15 in. 


Collar A is connected as shown to a 50-Ib load and can slide on a 
frictionless horizontal rod. Determine the distance x for which the 
collar is in equilibrium when P = 48 lb. 


A 160-kg load is supported by the rope-and-pulley arrangement 
shown. Knowing that B = 20°, determine the magnitude and direc- 
tion of the force P that must be exerted on the free end of the 
rope to maintain equilibrium. (Hint: The tension in the rope is the 
same on each side of a simple pulley. This can be proved by the 
methods of Chap. 4.) 


A 160-kg load is supported by the rope-and-pulley arrangement 
shown. Knowing that a = 40°, determine (a) the angle B, (b) the 
magnitude of the force P that must be exerted on the free end of 
the rope to maintain equilibrium. (See the hint for Prob. 2.65.) 


A 600-Ib crate is supported by several rope-and-pulley arrange- 
ments as shown. Determine for each arrangement the tension in 
the rope. (See the hint for Prob. 2.65.) 


Fig. P2.67 


2.68 Solve parts b and d of Prob. 2.67, assuming that the free end of 2.12 Rectangular Components of a Force =§ 4H 


in Space 


the rope is attached to the crate. 


2.69 A load Q is applied to the pulley C, which can roll on the cable ACB. 
The pulley is held in the position shown by a second cable CAD, 
which passes over the pulley A and supports a load P. Knowing 
that P = 750 N, determine (a) the tension in cable ACB, (b) the 
magnitude of load Q. 


2.70 An 1800-N load Q is applied to the pulley C, which can roll on the 
cable ACB. The pulley is held in the position shown by a second cable 
CAD, which passes over the pulley A and supports a load P. Determine 
(a) the tension in cable ACB, (b) the magnitude of load P. Fig. P2.69 and P2.70 


FORCES IN SPACE 


2.12 RECTANGULAR COMPONENTS 
OF A FORCE IN SPACE 


The problems considered in the first part of this chapter involved 
only two dimensions; they could be formulated and solved in a single 
plane. In this section and in the remaining sections of the chapter, 
we will discuss problems involving the three dimensions of space. 
Consider a force F acting at the origin O of the system of 

rectangular coordinates x, y, z. To define the direction of F, we draw 
the vertical plane OBAC containing F (Fig. 2.30a). This plane passes 
through the vertical y axis; its orientation is defined by the angle ¢ 
it forms with the xy plane. The direction of F within the plane is 
defined by the angle 6, that F forms with the y axis. The force F 
may be resolved into a vertical component F, and a horizontal com- 
ponent F;,; this operation, shown in Fig. 2.30b, is carried out in plane 
OBAC according to the rules developed in the first part of the chap- 
ter. The corresponding scalar components are 

Ey =F 0050, =f sng, (2.16) 
But F;, may be resolved into two rectangular components F, and F, 
along the x and z axes, respectively. This operation, shown in Fig. 2.30c, 
is carried out in the xz plane. We obtain the following expressions for 
the corresponding scalar components: 

F, = F), cos @ = F sin 6, cos 

F, = F, sind = F sin 0, sind 
The given force F has thus been resolved into three rectangular vec- 
tor components F,, F,, F., which are directed along the three coor- 
dinate axes. 

Applying the Pythagorean theorem to the triangles OAB and 

OCD of Fig. 2.30, we write 

F* = (OA)? = (OB)? + (BA)? = Fy + Fi. 

Fe = (OC) = (ODY + (peyry Hr +r 
Eliminating Fj, from these two equations and solving for F, we obtain 
the following relation between the magnitude of F and its rectangular 
scalar components: 


(2.17) 


(2.18) (c) 
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The relationship existing between the force F and its three 
components F,, F,, F; is more easily visualized if a “box” having 
Fs By, B for edges is drawn as shown in Fig. 2.31. The force F is 
then represented by the diagonal OA of this box. Figure 2.31b 
shows the right triangle OAB used to derive the first of the formu- 
las (2.16): F, = F cos 0, In Fig. 2.31a and c, two other right tri- 
angles have also been drawn: OAD and OAE. These triangles are 
seen to occupy in the box positions comparable with that of triangle 
OAB. Denoting by 6, and @., respectively, the angles that F forms 
with the x and z axes, we can derive two formulas similar to F, = 
F cos 6,. We thus write 


F,. = F cos 0, ye Tees oy F. =F cos@. (2.19) 


The three angles 6,, 6,, 0, define the direction of the force F; they are 
more commonly used for this purpose than the angles 6, and ¢ intro- 
duced at the beginning of this section. The cosines of 6,, 6,, 0, are 
known as the direction cosines of the force F. 

Introducing the unit vectors i, j, and k, directed respectively 
along the x, y, and z axes (Fig. 2.32), we can express F in the 
form 


YP 


F=Fi+F,j+ Fk (2.20) 


where the scalar components F,, F,, F, are defined by the relations 
(2.19). 
EXAMPLE 1. A force of 500 N forms angles of 60°, 45°, and 120°, 
respectively, with the x, y, and z axes. Find the components F,, Py and F, 
of the force. 
Substituting F = 500 N, 6, = 60°, 6, = 45°, 6, = 120° into formulas 

(2.19), we write 

F, = (500 N) cos 60° = +250 N 

F, = (500 N) cos 45° = +354 N 

F, = (500 N) cos 120° = —250 N 


Carrying into Eq. (2.20) the values obtained for the scalar components of 
F, we have 


F = (250 N)i + (354 N)j — (250 N)k 


As in the case of two-dimensional problems, a plus sign indicates that the 
component has the same sense as the corresponding axis, and a minus sign 
indicates that it has the opposite sense. ™ 


The angle a force F forms with an axis should be measured 
from the positive side of the axis and will always be between 0 and 
180°. An angle 6, smaller than 90° (acute) indicates that F (assumed 
attached to O) is on the same side of the yz plane as the positive 
x axis; cos 0, and F’, will then be positive. An angle 6, larger than 90° 
(obtuse) indicates that F is on the other side of the yz plane; cos 0, 
and F, will then be negative. In Example 1 the angles 6, and @, are 
acute, while 6, is obtuse; consequently, F', and F,, are positive, while 
F. is negative. 


Substituting into (2.20) the expressions obtained for F,, F,, F: 
in (2.19), we write 
F = F(cos @,i + cos 6,j + cos 6k) (2.21) 


which shows that the force F can be expressed as the product of the 
scalar F and the vector 


A = cos 6,4 + cos 6,j + cos 0.k (2.22) 


Clearly, the vector A is a vector whose magnitude is equal to 1 and 
whose direction is the same as that of F (Fig. 2.33). The vector A is 
referred to as the unit vector along the line of action of F. It follows 
from (2.22) that the components of the unit vector A are respectively 
equal to the direction cosines of the line of action of F: 


A, = cos 6, A, = cos 0, A. = cos 0, (2.23) 


We should observe that the values of the three angles 6,, 6,, 0: 
are not independent. Recalling that the sum of the squares of the 
components of a vector is equal to the square of its magnitude, we 
write 


y 


AP tA, t+ AP=1 


or, substituting for A,, A,, A; from (2.23), 


ip 
2 ay Dry 
GOs) Ca cos 0) 9cos; G) =) (2.24) 


In Example 1, for instance, once the values 6, = 60° and 0, = 40° 
have been selected, the value of 6, must be equal to 60° or 120° in 
order to satisfy identity (2.24). 

When the components F,, F,, F; of a force F are given, the 
magnitude F of the force is obtained from (2.18).t The relations 
(2.19) can then be solved for the direction cosines, 

po 6, = 2 pao (2.25) 
cos 8, = 5 cos, = = cos 8. = | : 


and the angles 6,, 0 
found. 


9. characterizing the direction of F can be 


EXAMPLE 2. A force F has the components F, = 20 lb, F, = —30 |b, F, = 
60 Ib. Determine its magnitude F and the angles 6,, 6,, 0, it forms with the 
coordinate axes. 
From formula (2.18) we obtaint 
F=VF+R+F 
= V(20 Ib)? + (—30 Ib)? + (60 Ib)? 
= V4900 Ib = 70 Ib 


LE 


tWith a calculator programmed to convert rectangular coordinates into polar coordinates, 
the following procedure will be found more expeditious for computing F: First determine 
F;, from its two rectangular components F, and F, (Fig. 2.30c), then determine F from 
its two rectangular components F, and F,, (Fig. 2.30b). The actual order in which the 
three components F,, F,, F, are entered is immaterial. 


2.12 Rectangular Components of a Force 
in Space 


cos 6.k 
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Statics of Particles 


Substituting the values of the components and magnitude of F into Eqs. 
(2.25), we write 


g — Ex _ 201b 9, = 24 = ~30lb _F. _ 601b 
ee Fe 70h OO COPS ee a hy 


Calculating successively each quotient and its arc cosine, we obtain 
6, = 73.4° 6, = ]15.4° 6. = 31.0° 


These computations can be carried out easily with a calculator. & 


2.13 FORCE DEFINED BY ITS MAGNITUDE AND TWO 
POINTS ON ITS LINE OF ACTION 


In many applications, the direction of a force F is defined by the 

coordinates of two points, M(x;, yj, 21) and N(xs, Ys, %2), located on its 
— 

line of action (Fig. 2.34). Consider the vector MN joining M and N 


M(x9, yo, 22) 


dy=Y2- 41 


dz=% — 2 <0 


M(x, yi, 4) 


dy=X9— xX} 


Fig. 2.34 


and of the same sense as F. Denoting its scalar components by d,, d 
d., respectively, we write 


MN = dit d,j + dk (2.26) 
The unit vector A along the line of action of F (i.e., along the line MN) 


may be obtained by dividing the vector MN by its magnitude MN. 


Substituting for MN from (2.26) and observing that MN is equal to 
the distance d from M to N, we write 


~p 


MN 1 
= = ic j + d. 2.27 
Xr via (di + d,j + d-k) ( ) 
Recalling that F is equal to the product of F and A, we have 
F 
F=FA= d (di + d,j + dk) (2.28) 


from which it follows that the scalar components of F are, 
respectively, 


it. = 1h = ae i = (2.29) 


The relations (2.29) considerably simplify the determination of 
the components of a force F of given magnitude F when the line of 
action of F is defined by two points M and N. Subtracting the coor- 
dinates of M from those of N, we first determine the components of 


the vector MN and the distance d from M to N: 


d, = %_— xy dy = y2- 41 d, = 2 — 2 
d= Vdi+d,+d: 


Substituting for F and for d,, d,, d:, and d into the relations (2.29), 
we obtain the components F,, F,, F, of the force. 

The angles 6,, 6,, 6, that F forms with the coordinate axes can 
then be obtained from Eqs. (2.25). Comparing Eqs. (2.22) and (2.27), 
we can also write 


(2.30) 


and determine the angles 6,, 6,, 0; directly from the components and 
pel 
magnitude of the vector MN. 


2.14 ADDITION OF CONCURRENT FORCES IN SPACE 


The resultant R of two or more forces in space will be determined by 
summing their rectangular components. Graphical or trigonometric 
methods are generally not practical in the case of forces in space. 

The method followed here is similar to that used in Sec. 2.8 
with coplanar forces. Setting 


R = =F 
we resolve each force into its rectangular components and write 


Rat hj Pak = 20a + jt ED 
= (Fi + (2F,)j + Fk 


from which it follows that 


The magnitude of the resultant and the angles 6,, 6,, 6, that the 
resultant forms with the coordinate axes are obtained using the 
method discussed in Sec. 2.12. We write 


(2.32) 


(2.33) 


2.14 Addition of Concurrent Forces in Space 
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SAMPLE PROBLEM 2.7 


A tower guy wire is anchored by means of a bolt at A. The tension in the 
wire is 2500 N. Determine (a) the components F,, Poke of the force acting 
on the bolt, (b) the angles 6,, 0,, 0. defining the direction of the force. 


SOLUTION 


a. Components of the Force. The line of action of the force acting on 
the bolt passes through A and B, and the force is directed from 


—> 
A to B. The components of the vector AB, which has the same direction 
as the force, are 


d, = —40 m a, 80m d. = +30 m 
The total distance from A to B is 
AB = d = Vd, + d, + d; = 94.3m 
Denoting by i, j, k the unit vectors along the coordinate axes, we have 
AB = —(40 m)i + (80 m)j + (30 m)k 
Introducing the unit vector A = AB /AB, we write 


AB  2500N —> 
AB 943m 


F=FA=F 


— 
Substituting the expression found for AB, we obtain 


_ 2500 N 
94.3 m 
F = —(1060 N)i + (2120 N)j + (795 N)k 


[—(40 m)i + (80 m)j + (30 m)k] 


The components of F, therefore, are 


F,=-10600N F,=+21200N F,=+795N 4 


b. Direction of the Force. Using Eqs. (2.25), we write 


a _ F, _ —1060N ace a +2120N 

*F 2500 N $F 2500 N 
_F, _ +795N 
CON = S00 


Calculating successively each quotient and its arc cosine, we obtain 


6,=115.1° 6, = 820° 6, = 715° <4 


(Note. This result could have been obtained by using the components and 
magnitude of the vector AB rather than those of the force F.) 


SAMPLE PROBLEM 2.8 


A wall section of precast concrete is temporarily held by the cables shown. 
Knowing that the tension is 840 lb in cable AB and 1200 Ib in cable AC, 
determine the magnitude and direction of the resultant of the forces exerted 
by cables AB and AC on stake A. 


SOLUTION 


Components of the Forces. The force exerted by each cable on stake A 
will be resolved into x, y, and z components. We first determine the com- 
—> — 


ponents and magnitude of the vectors AB and AC, measuring them from 
A toward the wall section. Denoting by i, j, k the unit vectors along the 
coordinate axes, we write 

AB = —(16ft)it (8ft)j+ (IL ft)k AB =a21ft 

— 

ING = S(O tit ae (i) ft)j — (16 ft)k ING Se ie 


Denoting by A,g the unit vector along AB, we have 
AB _ 8401 
AB _ 840 lb ae 
AB 21 ft 


Tap = TapAag = Tap 


— 
G Substituting the expression found for AB, we obtain 


_ 840 Ib 
oe Se Soe 
Tas = —(640 Ib)i + (320 Ib)j + (440 Ib)k 


| Tac = (1200 Ib) Age [—(16 ft)i + (8 ft)j + (11 ft)k] 


16 ft Denoting by Agc the unit vector along AC, we obtain in a similar way 


AC — 1200 Ib 
— 
Tac = TacAac = Tacy = 


Cc 24 ft 
z Tac = —(800 Ib)i + (400 Ib)j — (800 Ib)k 
Resultant of the Forces. The resultant R of the forces exerted by the two 
cables is 


R = Tp + Tac = —(1440 Ibs + (720 Ib} — (360 Ib)k 
The magnitude and direction of the resultant are now determined: 


R= VR? + R2 + R2 = V(-1440)? + (720)? + (—360) 
=1650lb < 


From Eqs. (2.33) we obtain 


R, _ —1440 Ib _ Ry, +7201b 
Ones = TCSOIr = = assis 
nos 9, = Be = 2 3601b 

*" R 16501b 


Calculating successively each quotient and its arc cosine, we have 


0, = 150.8° hy = CALI" 6, = 102.6° <4 
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SOLVING PROBLEMS 
JN YOUR OWN 


ik this lesson we saw that forces in space may be defined by their magnitude 
and direction or by the three rectangular components F,, F,, and F-. 

A. When a force is defined by its magnitude and direction, its rectangular 
components F,, Fy, and F. may be found as follows: 

Case 1. If the direction of the force F is defined by the angles 6, and ¢ shown 
in Fig. 2.30, projections of F through these angles or their complements will yield 
the components of F [Eqs. (2.17)]. Note that the x and z components of F are 
found by first projecting F onto the horizontal plane; the projection F), obtained 
in this way is then resolved into the components F, and F. (Fig. 2.30c). 


Case 2. If the direction of the force F is defined by the angles 6,, 6,, 6, that F 
forms with the coordinate axes, each component can be obtained by multiplying the 
magnitude F of the force by the cosine of the corresponding angle [Example 1]: 


F. = F cos 6, F, = F cos 0, F, = F cos 0, 


Case 3. If the drection of the force F is defined by two points M and N located 


on its line of action (Fig. 2.34), you will first express the vector MN drawn from 


M to N in terms of its components d,, dy, d. and the unit vectors i, j, k: 


MN = dg + d,j + dk 


Next, you will determine the unit vector A along the line of action of F by dividing 
the vector MN by its magnitude MN. Multiplying A by the magnitude of F, you 
will obtain the desired expression for F in terms of its rectangular components 
[Sample Prob. 2.7]: 


a 
d 


It is advantageous to use a consistent and meaningful system of notation when 
determining the rectangular components of a force. The method used in this text is 
illustrated in Sample Prob. 2.8 where, for example, the force Ty acts from stake A 
toward point B. Note that the subscripts have been ordered to agree with the direc- 
tion of the force. It is recommended that you adopt the same notation, as it will 
help you identify point 1 (the first subscript) and point 2 (the second subscript). 


F = FA =—(dit d,j + Lk) 


When forming the vector defining the line of action of a force, you may think of 
its scalar components as the number of steps you must take in each coordinate 
direction to go from point 1 to point 2. It is essential that you always remember 
to assign the correct sign to each of the components. 


B. When a force is defined by its rectangular components F,, F,, F,, you can 
obtain its magnitude F by writing 


F= VFL +F, + F: 


You can determine the direction cosines of the line of action of F by dividing the 
components of the force by F: 


x Fy 
cos 6, =—~ cos@,=— cos 0, = — 
F F F 
From the direction cosines you can obtain the angles 6,, 6,, 6, that F forms with 
the coordinate axes [Example 2]. 


C. To determine the resultant R of two or more forces in three-dimensional 
space, first determine the rectangular components of each force by one of the 
procedures described above. Adding these components will yield the components 
R,, R,, R, of the resultant. The magnitude and direction of the resultant may then 
be obtained as indicated above for a force F [Sample Prob. 2.8]. 
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PROBLEMS 


2.71 


2.72 


2.73 


2.74 


2.75 


2.76 


2.77 


2.78 


Fig. P2.77 and P2.78 


7 


2.79 


Determine (a) the x, y, and z components of the 750-N force, 
(b) the angles 6,, 0,, and 6, that the force forms with the coordinate 
axes. 


Determine (a) the x, y, and z components of the 900-N force, 
(b) the angles 6,, 6,, and 6, that the force forms with the coordinate 
axes. 


A horizontal circular plate is suspended as shown from three wires 
that are attached to a support at D and form 30° angles with the 
vertical. Knowing that the x component of the force exerted by 
wire AD on the plate is 110.3 N, determine (a) the tension in wire 
AD, (b) the angles 6,, 6,, and 0; that the force exerted at A forms 
with the coordinate axes. 


A horizontal circular plate is suspended as shown from three wires 
that are attached to a support at D and form 30° angles with the 
vertical. Knowing that the z component of the force exerted by 
wire BD on the plate is —32.14 N, determine (a) the tension in 
wire BD, (b) the angles 6,, 6,, and 6, that the force exerted at B 
forms with the coordinate axes. 


A horizontal circular plate is suspended as shown from three wires 
that are attached to a support at D and form 30° angles with the 
vertical. Knowing that the tension in wire CD is 60 lb, determine 
(a) the components of the force exerted by this wire on the plate, 
(b) the angles 6,, 6,, and 6. that the force forms with the coordinate 
axes. 


A horizontal circular plate is suspended as shown from three wires 
that are attached to a support at D and form 30° angles with the 
vertical. Knowing that the x component of the force exerted by 
wire CD on the plate is —20 lb, determine (a) the tension in wire 
CD, (b) the angles 6,, 6, and 6, that the force exerted at C forms 
with the coordinate axes. 


The end of the coaxial cable AE is attached to the pole AB, which 
is strengthened by the guy wires AC and AD. Knowing that the 
tension in wire AC is 120 Ib, determine (a) the components of the 
force exerted by this wire on the pole, (b) the angles 6,, 0,, and 6, 
that the force forms with the coordinate axes. 


yp? 


The end of the coaxial cable AE is attached to the pole AB, which 
is strengthened by the guy wires AC and AD. Knowing that the 
tension in wire AD is 85 Ib, determine (a) the components of the 
force exerted by this wire on the pole, (b) the angles 6,, 0,, and 6, 
that the force forms with the coordinate axes. 


yp? 


Determine the magnitude and direction of the force F = (320 N)i + 
(400 N)j — (250 N)k. 


2.80 


2.81 


2.82 


2.83 


2.84 


2.85 


2.86 


2.87 


Determine the magnitude and direction of the force F = (240 N)i — 
(270 N)j + (680 N)k. 


A force acts at the origin of a coordinate system in a direction 
defined by the angles 6, = 70.9° and 6, = 144.9°. Knowing that 
the z component of the force is —52 Ib, determine (a) the angle 6-, 
(b) the other components and the magnitude of the force. 


A force acts at the origin of a coordinate system in a direction 
defined by the angles 6, = 55° and 6, = 45°. Knowing that the x 
component of the force is —500 Ib, determine (a) the angle 0,, 
(b) the other components and the magnitude of the force. 


A force F of magnitude 210 N acts at the origin of a coordinate 
system. Knowing that F, = 80 N, 6, = 151.2°, and F, < 0, deter- 
mine (a) the components F, and F., (b) the angles 6, and 6,. 


A force F of magnitude 230 N acts at the origin of a coordinate 
system. Knowing that 6, = 32.5°, i, = =O0.N, and F, > 0, deter- 
mine (a) the components F, and F., (b) the angles 6, and @.. 


A transmission tower is held by three guy wires anchored by bolts 
at B, C, and D. If the tension in wire AB is 525 Ib, determine the 
components of the force exerted by the wire on the bolt at B. 


A transmission tower is held by three guy wires anchored by 
bolts at B, C, and D. If the tension in wire AD is 315 lb, deter- 
mine the components of the force exerted by the wire on the 
bolt at D. 


A frame ABC is supported in part by cable DBE that passes 
through a frictionless ring at B. Knowing that the tension in the 
cable is 385 N, determine the components of the force exerted by 
the cable on the support at D. 


480 mM el mm 


Fig. P2.87 


Fig. P2.85 and P2.86 


Problems 
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56 Statics of Particles 2.88 For the frame and cable of Prob. 2.87, determine the components 
of the force exerted by the cable on the support at E. 


2.89 Knowing that the tension in cable AB is 1425 N, determine the 
components of the force exerted on the plate at B. 


600 mm 2 


Ke mm. ¢ 
y Zz 


Fig. P2.89 and P2.90 


Q 
2.90 Knowing that the tension in cable AC is 2130 N, determine the 
P Ls ane components of the force exerted on the plate at C. 
x 
2.91 Find the magnitude and direction of the resultant of the two forces 
shown knowing that P = 300 N and Q = 400 N. 
15°, 


2.92 Find the magnitude and direction of the resultant of the two forces 
Fig. P2.91 and P2.92 shown knowing that P = 400 N and Q = 300 N. 


2.93 Knowing that the tension is 425 lb in cable AB and 510 lb in cable 
AC, determine the magnitude and direction of the resultant of the 
forces exerted at A by the two cables. 


2.94 Knowing that the tension is 510 lb in cable AB and 425 lb in cable 
AC, determine the magnitude and direction of the resultant of the 
forces exerted at A by the two cables. 


2.95 For the frame of Prob. 2.87, determine the magnitude and direc- 
tion of the resultant of the forces exerted by the cable at B knowing 
that the tension in the cable is 385 N. 


2.96 For the cables of Prob. 2.89, knowing that the tension is 1425 N 
in cable AB and 2130 N in cable AC, determine the magnitude 
and direction of the resultant of the forces exerted at A by the two 

Fig. P2.93 and P2.94 cables. 


2.97 The end of the coaxial cable AE is attached to the pole AB, which 
is strengthened by the guy wires AC and AD. Knowing that the 
tension in AC is 150 Ib and that the resultant of the forces exerted 
at A by wires AC and AD must be contained in the xy plane, 
determine (a) the tension in AD, (b) the magnitude and direction 
of the resultant of the two forces. 


Fig. P2.97 and P2.98 


2.98 The end of the coaxial cable AE is attached to the pole AB, which 
is strengthened by the guy wires AC and AD. Knowing that the 
tension in AD is 125 lb and that the resultant of the forces exerted 
at A by wires AC and AD must be contained in the xy plane, 
determine (a) the tension in AC, (b) the magnitude and direction 
of the resultant of the two forces. 


2.15 EQUILIBRIUM OF A PARTICLE IN SPACE 


According to the definition given in Sec. 2.9, a particle A is in equi- 
librium if the resultant of all the forces acting on A is zero. The com- 
ponents R,, R,, R, of the resultant are given by the relations (2.31); 
expressing that the components of the resultant are zero, we write 


(2.34) 


Equations (2.34) represent the necessary and sufficient conditions 
for the equilibrium of a particle in space. They can be used to solve 
problems dealing with the equilibrium of a particle involving no 
more than three unknowns. 

To solve such problems, you first should draw a free-body dia- 
gram showing the particle in equilibrium and all the forces acting on 
it. You can then write the equations of equilibrium (2.34) and solve 
them for three unknowns. In the more common types of problems, 
these unknowns will represent (1) the three components of a single 
force or (2) the magnitude of three forces, each of known direction. 


2.15 Equilibrium of a Particle in Space 57 


Photo 2.2 While the tension in the four cables 
supporting the car cannot be found using the 
three equations of (2.34), a relation between the 
tensions can be obtained by considering the 
equilibrium of the hook. 
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SAMPLE PROBLEM 2.9 


A 200-kg cylinder is hung by means of two cables AB and AC, which are 
attached to the top of a vertical wall. A horizontal force P perpendicular to 
the wall holds the cylinder in the position shown. Determine the magnitude 
of P and the tension in each cable. 


SOLUTION 


Free-body Diagram. Point A is chosen as a free body; this point is sub- 
jected to four forces, three of which are of unknown magnitude. 
Introducing the unit vectors i, j, k, we resolve each force into rect- 
angular components. 
P= Pi 
W = —mgj = —(200 kg)(9.81 m/s”)j = —(1962 N)j 
In the case of Tyg and Tyg, it is necessary first to determine the com- 


(1) 


ponents and magnitudes of the vectors AB and AC. Denoting by A,4z the 
unit vector along AB, we write 
AB = —(1.2m)i+ (10 m)j + (8 m)k AB = 12.862 m 
AB 
AB 12.862 m 
Tag = TapAag = —0.09330T api + 0.77757 apj + 0.6220Typk (2) 


= —0.09330i + 0.7775j + 0.6220k 


Denoting by A,c the unit vector along AC, we write in a similar way 
AC = Shean ae (Ko) m)j — (10 m)k AC = 14.193 m 

_ 
~ 14.193 m 
Tac = Tacdac = —0.08455T yci + 0.7046T cj — 0.7046T,ck (3) 


Aac = —0.08455i + 0.7046) — 0.7046k 


Equilibrium Condition. Since A is in equilibrium, we must have 
=F = 0: Tag + Tac + P+W=0 
or, substituting from (1), (2), (3) for the forces and factoring i, j, k, 
(—0.09330T,, — 0.08455T4¢ + P)i 
+ (0.7775Tag + 0.7046T,c — 1962 N)j 
+ (0.6220T,, — 0.7046T,:)k = 0 
Setting the coefficients of i, j, k equal to zero, we write three scalar equa- 
tions, which express that the sums of the x, y, and s components of the 
forces are respectively equal to zero. 
(QE, = 0:) —0.09330T,3 — 0.08455T,c + P = 0 
(SF, =0:) — +0.7775T yg + 0.7046Tyc — 1962 N = 0 
(=F, = 0:) +0.6220T,3 — 0.7046T,c = 0 
Solving these equations, we obtain 
P=235N Ty =1402N Tic = 1238N 4 


SOLVING PROBLEMS 
YN TOUR OWN 


W: saw earlier that when a particle is in equilibrium, the resultant of the forces 
acting on the particle must be zero. Expressing this fact in the case of the 
equilibrium of a particle in three-dimensional space will provide you with three 
relations among the forces acting on the particle. These relations may be used to 
determine three unknowns—usually the magnitudes of three forces. 


Your solution will consist of the following steps: 


1. Draw a free-body diagram of the particle. This diagram shows the particle 
and all the forces acting on it. Indicate on the diagram the magnitudes of known 
forces, as well as any angles or dimensions that define the direction of a force. 
Any unknown magnitude or angle should be denoted by an appropriate symbol. 
Nothing else should be included in your free-body diagram. 


2. Resolve each of the forces into rectangular components. Following the 
method used in the preceding lesson, you will determine for each force F the unit 
vector A defining the direction of that force and express F as the product of its 
magnitude F and the unit vector A. You will obtain an expression of the form 


F 
F = FA= 7 (dit d,j + dk) 


where d, d,, d,, and d, are dimensions obtained from the free-body diagram of 
the particle. If a force is known in magnitude as well as in direction, then F is 
known and the expression obtained for F is well defined; otherwise F is one of 
the three unknowns that should be determined. 


3. Set the resultant, or sum, of the forces exerted on the particle equal to 
zero. You will obtain a vectorial equation consisting of terms containing the unit 
vectors i, j, or k. You will group the terms containing the same unit vector and 
factor that vector. For the vectorial equation to be satisfied, the coefficient of each 
of the unit vectors must be set equal to zero. This will yield three scalar equations 
that you can solve for no more than three unknowns [Sample Prob. 2.9]. 
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PROBLEMS 


Fig. P2.99, P2.100, P2.101, and P2.102 
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2.99 


2.100 


2.101 


2.102 


2.103 


2.104 


2.105 


2.106 


Three cables are used to tether a balloon as shown. Determine the 
vertical force P exerted by the balloon at A knowing that the ten- 
sion in cable AB is 259 N. 


Three cables are used to tether a balloon as shown. Determine the 
vertical force P exerted by the balloon at A knowing that the ten- 
sion in cable AC is 444 N. 


Three cables are used to tether a balloon as shown. Determine the 
vertical force P exerted by the balloon at A knowing that the ten- 
sion in cable AD is 481 N. 


Three cables are used to tether a balloon as shown. Knowing that 
the balloon exerts an 800-N vertical force at A, determine the ten- 
sion in each cable. 


A crate is supported by three cables as shown. Determine the weight 
of the crate knowing that the tension in cable AB is 750 Ib. 


A crate is supported by three cables as shown. Determine the weight 
of the crate knowing that the tension in cable AD is 616 |b. 


Fig. P2.103, P2.104, P2.105, and P2.106 


A crate is supported by three cables as shown. Determine the weight 
of the crate knowing that the tension in cable AC is 544 Ib. 


A 1600-lb crate is supported by three cables as shown. Determine 
the tension in each cable. 


2.107 Three cables are connected at A, where the forces P and Q are Problems =] 
applied as shown. Knowing that Q = 0, find the value of P for 
which the tension in cable AD is 305 N. 


2.108 Three cables are connected at A, where the forces P and Q are 
applied as shown. Knowing that P = 1200 N, determine the values 
of Q for which cable AD is taut. 


2.109 A transmission tower is held by three guy wires attached to a pin 
at A and anchored by bolts at B, C, and D. If the tension in wire 
AB is 630 Ib, determine the vertical force P exerted by the tower 
on the pin at A. 


WIVWIZER 


LI VIS 
LAE 


<I 


Fig. P2.107 and P2.108 


Fig. P2.109, and P2.110 


2.110 A transmission tower is held by three guy wires attached to a pin 
at A and anchored by bolts at B, C, and D. If the tension in wire 
AC is 920 lb, determine the vertical force P exerted by the tower 
on the pin at A. 


2.111 A rectangular plate is supported by three cables as shown. Knowing 
that the tension in cable AC is 60 N, determine the weight of the 
plate. 


Dimensions in mm 


Fig. P2.111 and P2.112 


2.112 A rectangular plate is supported by three cables as shown. Knowing 
that the tension in cable AD is 520 N, determine the weight of the 
plate. 
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Statics of Particles 


Fig. P2.114 


Fig. P2.119 


2.113 


2.114 


2.115 


2.116 


2.117 


2.118 


2.119 


For the transmission tower of Probs. 2.109 and 2.110, determine 
the tension in each guy wire knowing that the tower exerts on the 
pin at A an upward vertical force of 2100 Ib. 


A horizontal circular plate weighing 60 lb is suspended as shown from 
three wires that are attached to a support at D and form 30° angles 
with the vertical. Determine the tension in each wire. 


For the rectangular plate of Probs. 2.111 and 2.112, determine the 
tension in each of the three cables knowing that the weight of the 
plate is 792 N. 


For the cable system of Probs. 2.107 and 2.108, determine the 
tension in each cable knowing that P = 2880 N and Q = 0. 


For the cable system of Probs. 2.107 and 2.108, determine the 
tension in each cable knowing that P = 2880 N and Q = 576 N. 


For the cable system of Probs. 2.107 and 2.108, determine the tension 
in each cable knowing that P = 2880 N and Q = —576 N (Q is 
directed downward). 


Using two ropes and a roller chute, two workers are unloading a 
200-Ib cast-iron counterweight from a truck. Knowing that at the 
instant shown the counterweight is kept from moving and that the 
positions of points A, B, and C are, respectively, A(0, —20 in., 40 in.), 
B(—40 in., 50 in., 0), and C(45 in., 40 in., 0), and assuming that 
no friction exists between the counterweight and the chute, deter- 
mine the tension in each rope. (Hint: Since there is no friction, the 
force exerted by the chute on the counterweight must be perpen- 
dicular to the chute.) 


Solve Prob. 2.119 assuming that a third worker is exerting a force 
P = —(40 lb)i on the counterweight. 


A container of weight W is suspended from ring A. Cable BAC 
passes through the ring and is attached to fixed supports at B and C. 
Two forces P = Pi and Q = Qk are applied to the ring to maintain 
the container in the position shown. Knowing that W = 376 N, 
determine P and Q. (Hint: The tension is the same in both portions 
of cable BAC.) 


160 mm 


Fig. P2.121 


2.122 


2.123 


2.124 


2.125 


2.126 


For the system of Prob. 2.121, determine W and Q knowing that 
P = 164N. 


A container of weight W is suspended from ring A, to which cables 
AC and AE are attached. A force P is applied to the end F of a 
third cable that passes over a pulley at B and through ring A and 
that is attached to a support at D. Knowing that W = 1000 N, deter- 
mine the magnitude of P. (Hint: The tension is the same in all 
portions of cable FBAD.) 


Fig. P2.123 


Knowing that the tension in cable AC of the system described in 
Prob. 2.123 is 150 N, determine (a) the magnitude of the force P, 
(b) the weight W of the container. 


Collars A and B are connected by a 25-in.-long wire and can slide 
freely on frictionless rods. If a 60-Ib force Q is applied to collar B 
as shown, determine (a) the tension in the wire when x = 9 in., 
(b) the corresponding magnitude of the force P required to main- 
tain the equilibrium of the system. 


Fig. P2.125 and P2.126 


Collars A and B are connected by a 25-in.-long wire and can slide 
freely on frictionless rods. Determine the distances x and z for 
which the equilibrium of the system is maintained when P = 120 Ib 
and Q = 60 lb. 


Problems 
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REVIEW AND SUMMARY 


In this chapter we have studied the effect of forces on particles, ie., 
on bodies of such shape and size that all forces acting on them may 
be assumed applied at the same point. 


Resultant of two forces Forces are vector quantities; they are characterized by a point of 
application, a magnitude, and a direction, and they add according to 
the parallelogram law (Fig. 2.35). The magnitude and direction of 
the resultant R of two forces P and Q can be determined either 
graphically or by trigonometry, using successively the law of cosines 
and the law of sines [Sample Prob. 2.1]. 


Fig. 2.35 “ 


Components of a force Any given force acting on a particle can be resolved into two or more 
components, i.e., it can be replaced by two or more forces which 
have the same effect on the particle. A force F can be resolved into 
two components P and Q by drawing a parallelogram which has F 
for its diagonal; the components P and Q are then represented by 
the two adjacent sides of the parallelogram (Fig. 2.36) and can be 
determined either graphically or by trigonometry [Sec. 2.6]. 


A force F is said to have been resolved into two rectangular 
components if its components F, and F, are perpendicular to each 
other and are directed along the coordinate axes (Fig. 2.37). Intro- 
ducing the unit vectors i and j along the x and y axes, respectively, 


Fig. 2.36 ae [Sec. 2.7] 
Rectangular components F=-hi F,= Fj (2.6) 
Unit vectors ..4 
F=Fi+ Fj (2.7) 
y where F, and F, are the scalar components of F. These components, 
which can be positive or negative, are defined by the relations 
F, = F cos @ y= F sme (2.8) 


When the rectangular components F, and F,, of a force F are 
given, the angle @ defining the direction of the force can be obtained 
by writing 


y 
tan 6 = — : 
an F (2.9) 


x 


The magnitude F of the force can then be obtained by solving one 
of the equations (2.8) for F or by applying the Pythagorean theorem 


and writing 
F=VFL+F, (2.10) 
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When three or more coplanar forces act on a particle, the rectangular Review and Summary = 5 
components of their resultant R can be obtained by adding algebra- 

ically the corresponding components of the given forces [Sec. 2.8]. Resultant of several coplanar forces 
We have 


R,= =F, &, = XP, (2.13) 


The magnitude and direction of R can then be determined from 
relations similar to Eqs. (2.9) and (2.10) [Sample Prob. 2.3]. 


A force F in three-dimensional space can be resolved into Forces in space 
rectangular components F,, F,, and F, [Sec. 2.12]. Denoting by 4, 
6,, and @., respectively, the angles that F forms with the x, y, and z 
axes (Fig. 2.38), we have 


F,. = F cos 0, f= Gas 8, F. = F cos 0. (2.19) 


y 


Fig. 2.38 (a) (b) (c) 


The cosines of 6,, 6,, 8. are known as the direction cosines of the Direction cosines 
force F. Introducing the unit vectors i, j, k along the coordinate axes, 
we write 


F = Fi+F,j + Ek (2.20) y 


F = F(cos 6,i + cos 6,j + cos 6-k) (2.21) any 


\ (Magnitude 1) 


which shows (Fig. 2.39) that F is the product of its magnitude F and 
the unit vector 


A = cos 6,1 + cos 6,j + cos 0-k 


Since the magnitude of A is equal to unity, we must have 
cos” 0, + cos” oF cos’ 6. = 1 (2.24) 


When the rectangular components F,, F,, F; of a force F are 


given, the magnitude F of the force is found by writing 
F=VEF/+F/+F: (2.18) 


and the direction cosines of F are obtained from Eqs. (2.19). We have 


0, = 2 9, ="! ee (2.25) 
ies ee COs YE ne A 
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Resultant of forces in space 


Equilibrium of a particle 


Free-body diagram 


Equilibrium in space 


When a force F is defined in three-dimensional space by its 
magnitude F and two points M and N on its line of action [Sec. 2.13], 
its rectangular components can be obtained as follows. We first express 

— 


the vector MN joining points M and N in terms of its components 
d,, d,, and d. (Fig. 2.40); we write 
MN = d,i+d,j + dk (2.26) 
We next determine the unit vector A along the line of action of F 
by dividing MN by its magnitude MN = d: 
— 


y? 


MN 1 
= ——_ = ~(ditd,j + d, 
MN qa d,j + dk) (2.27) 
Recalling that F is equal to the product of F and A, we have 
F 
F = FA= qa + d,j + dc) (2.28) 


from which it follows [Sample Probs. 2.7 and 2.8] that the scalar 
components of F are, respectively, 


Fd, Fd, Fd, 


Fy 


When two or more forces act on a particle in three-dimensional 
space, the rectangular components of their resultant R can be 
obtained by adding algebraically the corresponding components of 
the given forces [Sec. 2.14]. We have 


R,=2F, RB, =3F, R&R, = 3F, (2.31) 


The magnitude and direction of R can then be determined from 
relations similar to Eqs. (2.18) and (2.25) [Sample Prob. 2.8]. 


A particle is said to be in equilibrium when the resultant of all the 
forces acting on it is zero [Sec. 2.9]. The particle will then remain 
at rest (if originally at rest) or move with constant speed in a straight 
line (if originally in motion) [Sec. 2.10]. 


To solve a problem involving a particle in equilibrium, one first should 
draw a free-body diagram of the particle showing all the forces acting 
on it [Sec. 2.11]. If only three coplanar forces act on the particle, a 
force triangle may be drawn to express that the particle is in equilib- 
rium. Using graphical methods of trigonometry, this triangle can be 
solved for no more than two unknowns [Sample Prob. 2.4]. If more 
than three coplanar forces are involved, the equations of equilibrium 


=F,=0  F,=0 (2.15) 


should be used. These equations can be solved for no more than two 
unknowns [Sample Prob. 2.6]. 


y 


When a particle is in equilibrium in three-dimensional space |Sec. 2.15], 
the three equations of equilibrium 


TF,=0 %F,=0 2 %F,=0 (2.34) 


should be used. These equations can be solved for no more than 
three unknowns [Sample Prob. 2.9]. 


REVIEW PROBLEMS 


2.127 The direction of the 75-lb forces may vary, but the angle between 
the forces is always 50°. Determine the value of @ for which the — 240 Ib 


resultant of the forces acting at A is directed horizontally to the 30° Ss 
left. a 
75 Ik 
2.128 A stake is being pulled out of the ground by means of two ropes ee ia 
as shown. Knowing the magnitude and direction of the force 
exerted on one rope, determine the magnitude and direction of 75 lb 


the force P that should be exerted on the other rope if the resul- Fi 
ig. P2.127 
tant of these two forces is to be a 40-Ib vertical force. 


Fig. P2.128 


2.129 Member BD exerts on member ABC a force P directed along 
line BD. Knowing that P must have a 240-lb vertical component, 
determine (a) the magnitude of the force P, (b) its horizontal 
component. Fig. P2.129 


2.130 Two cables are tied together at C and loaded as shown. Determine 
the tension (a) in cable AC, (b) in cable BC. 


[" 600 mm "| 


ey ae 


Fig. P2.130 


2.131 Two cables are tied together at C and loaded as shown. Knowing 
that P = 360 N, determine the tension (a) in cable AC, (b) in 
cable BC. 


2.132 Two cables are tied together at C and loaded as shown. Determine Q = 480 N 
the range of values of P for which both cables remain taut. Fig. P2.131 and P2.132 
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56 ft 


Fig. P2.134 


VES arses 


RERERETS 


ELT 


2.133 


2.134 


2.135 


A force acts at the origin of a coordinate system in a direction 
defined by the angles 0, = 69.3° and 6, = 57.9°. Knowing that 
the y component of the force is —174 Ib, determine (a) the angle 6, 
(b) the other components and the magnitude of the force. 


Cable AB is 65 ft long, and the tension in that cable is 3900 Ib. 
Determine (a) the x, y, and z components of the force exerted by 
the cable on the anchor B, (b) the angles 6,, 6,, and 6, defining the 
direction of that force. 


In order to move a wrecked truck, two cables are attached at A 
and pulled by winches B and C as shown. Knowing that the ten- 
sion is 10 kN in cable AB and 7.5 kN in cable AC, determine the 
magnitude and direction of the resultant of the forces exerted at 
A by the two cables. 


Fig. P2.135 


2.136 A container of weight W = 1165 N is supported by three cables 


as shown. Determine the tension in each cable. 


360 mm 


500 s 


450 mm 


600 mm 


Fig. P2.136 


2.137 Collars A and B are connected by a 525-mm-long wire and can 
slide freely on frictionless rods. If a force P = (341 N)j is applied 
to collar A, determine (q) the tension in the wire when y = 155 mm, 
(b) the magnitude of the force Q required to maintain the equi- 
librium of the system. 


Fig. P2.137 


2.138 Solve Prob. 2.137 assuming that y = 275 mm. 


Review Problems 
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COMPUTER PROBLEMS 


Fig. P2.C2 


2.€1 Write a computer program that can be used to determine the magnitude 
and direction of the resultant of n coplanar forces applied at a point A. Use 
this program to solve Probs. 2.32, 2.33, 2.35, and 2.38. 


Fig. P2.C1 


2.C€2 A load P is supported by two cables as shown. Write a computer pro- 
gram that can be used to determine the tension in each cable for any given 
value of P and for values of 6 ranging from 6, = B — 90° to 4; = 90° — a, 
using given increments A@. Use this program to determine for the following 
three sets of numerical values (a) the tension in each cable for values of 0 
ranging from 0; to 03, (b) the value of @ for which the tension in the two 
cables is as small as possible, (c) the corresponding value of the tension: 


(1) a = 35°, B = 75°, P = 400 Ib, A@ = 5° 
(2) a = 50°, B = 30°, P = 600 Ib, AO = 10° 
(3) a = 40°, B = 60°, P = 250 Ib, AO = 5° 


2.€3 An acrobat is walking on a tightrope of length L = 20.1 m attached 
to supports A and B at a distance of 20.0 m from each other. The combined 
weight of the acrobat and his balancing pole is 800 N, and the friction 
between his shoes and the rope is large enough to prevent him from slip- 
ping. Neglecting the weight of the rope and any elastic deformation, write 
a computer program to calculate the deflection y and the tension in portions 
AC and BC of the rope for values of x from 0.5 m to 10.0 m using 0.5-m 
increments. From the data obtained, determine (a) the maximum deflection 
of the rope, (b) the maximum tension in the rope, (c) the smallest values of 
the tension in portions AC and BC of the rope. 


|< 7 —_____> | 
20.0 m 


Fig. P2.C3 


2.€4 Write a computer program that can be used to determine the magni- Computer Problems = 77] 
tude and direction of the resultant of n forces F;, where i = 1, 2,...,n, 

that are applied at point Ap of coordinates xo, yo, and %o, knowing that the 

line of action of F; passes through point A; of coordinates x;, y;, and z;. Use 

this program to solve Probs. 2.93, 2.94, 2.95, and 2.135. 


Aq(xy, yy &1) 


Ann, Yn Zn) 


‘ Ajlx;, Yj) 
Fig. P2.C4 


2.€5 Three cables are attached at points A), As, and A3, respectively, and 
are connected at point Ao, to which a given load P is applied as shown. Write 
a computer program that can be used to determine the tension in each of 
the cables. Use this program to solve Probs. 2.102, 2.106, 2.107, and 2.115. 


Ao(Xo, Yo. 50) 


P 
\ Ap(xp, yp, =p) 


Fig. P2.C5 


The battleship USS New Jersey is 
maneuvered by four tugboats at 
Bremerton Naval Shipyard. It will be 
shown in this chapter that the forces 
exerted on the ship by the tugboats 
could be replaced by an equivalent 
force exerted by a single, more 


powerful, tugboat. 


Rigid Bodies: 


Equivalent Systems of Forces 


t 
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Chapter 3 Rigid Bodies: 
Equivalent Systems of Forces 


Introduction 

External and Internal Forces 
Principle of Transmissibility. 
Equivalent Forces 

Vector Product of Two Vectors 
Vector Products Expressed in 
Terms of Rectangular 
Components 

Moment of a Force about a Point 
Varignon’s Theorem 

Rectangular Components of the 
Moment of a Force 

Scalar Product of Two Vectors 
Mixed Triple Product of Three 
Vectors 

Moment of a Force about a 
Given Axis 

Moment of a Couple 

Equivalent Couples 

Addition of Couples 

Couples Can Be Represented 
by Vectors 

Resolution of a Given Force into 
a Force at O and a Couple 
Reduction of a System of Forces 
to One Force and One Couple 
Equivalent Systems of Forces 
Equipollent Systems of Vectors 
Further Reduction of a System 
of Forces 

Reduction of a System of Forces 
to a Wrench 


3.1 INTRODUCTION 


In the preceding chapter it was assumed that each of the bodies con- 
sidered could be treated as a single particle. Such a view, however, is 
not always possible, and a body, in general, should be treated as a com- 
bination of a large number of particles. The size of the body will have 
to be taken into consideration, as well as the fact that forces will act on 
different particles and thus will have different points of application. 

Most of the bodies considered in elementary mechanics are 
assumed to be rigid, a rigid body being defined as one which does 
not deform. Actual structures and machines, however, are never 
absolutely rigid and deform under the loads to which they are sub- 
jected. But these deformations are usually small and do not appre- 
ciably affect the conditions of equilibrium or motion of the structure 
under consideration. They are important, though, as far as the resis- 
tance of the structure to failure is concerned and are considered in 
the study of mechanics of materials. 

In this chapter you will study the effect of forces exerted on a 
rigid body, and you will learn how to replace a given system of forces 
by a simpler equivalent system. This analysis will rest on the funda- 
mental assumption that the effect of a given force on a rigid body 
remains unchanged if that force is moved along its line of action (prin- 
ciple of transmissibility). It follows that forces acting on a rigid body 
can be represented by sliding vectors, as indicated earlier in Sec. 2.3. 

Two important concepts associated with the effect of a force 
on a rigid body are the moment of a force about a point (Sec. 3.6) 
and the moment of a force about an axis (Sec. 3.11). Since the deter- 
mination of these quantities involves the computation of vector prod- 
ucts and scalar products of two vectors, the fundamentals of vector 
algebra will be introduced in this chapter and applied to the solution 
of problems involving forces acting on rigid bodies. 

Another concept introduced in this chapter is that of a couple, 
ie., the combination of two forces which have the same magnitude, 
parallel lines of action, and opposite sense (Sec. 3.12). As you will 
see, any system of forces acting on a rigid body can be replaced by 
an equivalent system consisting of one force acting at a given point 
and one couple. This basic system is called a force-couple system. In 
the case of concurrent, coplanar, or parallel forces, the equivalent 
force-couple system can be further reduced to a single force, called 
the resultant of the system, or to a single couple, called the resultant 
couple of the system. 


3.2 EXTERNAL AND INTERNAL FORCES 


Forces acting on rigid bodies can be separated into two groups: 
(1) external forces and (2) internal forces. 


1. The external forces represent the action of other bodies on the 
rigid body under consideration. They are entirely responsible 
for the external behavior of the rigid body. They will either 
cause it to move or ensure that it remains at rest. We shall be 
concerned only with external forces in this chapter and in 


Chaps. 4 and 5. 


2. The internal forces are the forces which hold together the par- 
ticles forming the rigid body. If the rigid body is structurally 
composed of several parts, the forces holding the component 
parts together are also defined as internal forces. Internal forces 
will be considered in Chaps. 6 and 7. 


As an example of external forces, let us consider the forces 
acting on a disabled truck that three people are pulling forward by 
means of a rope attached to the front bumper (Fig. 3.1). The external 
forces acting on the truck are shown in a free-body diagram (Fig. 3.2). 
Let us first consider the weight of the truck. Although it embodies 
the effect of the earth’s pull on each of the particles forming the 
truck, the weight can be represented by the single force W. The 
point of application of this force, i.e., the point at which the force 
acts, is defined as the center of gravity of the truck. It will be seen 
in Chap. 5 how centers of gravity can be determined. The weight W 
tends to make the truck move vertically downward. In fact, it would 
actually cause the truck to move downward, i.e., to fall, if it were not 
for the presence of the ground. The ground opposes the downward 
motion of the truck by means of the reactions R; and Ry. These 
forces are exerted by the ground on the truck and must therefore 
be included among the external forces acting on the truck. 

The people pulling on the rope exert the force F. The point of 
application of F is on the front bumper. The force F tends to make 
the truck move forward in a straight line and does actually make it 
move, since no external force opposes this motion. (Rolling resistance 
has been neglected here for simplicity.) This forward motion of the 
truck, during which each straight line keeps its original orientation 
(the floor of the truck remains horizontal, and the walls remain verti- 
cal), is known as a translation. Other forces might cause the truck to 
move differently. For example, the force exerted by a jack placed 
under the front axle would cause the truck to pivot about its rear axle. 
Such a motion is a rotation. It can be concluded, therefore, that each 
of the external forces acting on a rigid body can, if unopposed, impart 
to the rigid body a motion of translation or rotation, or both. 


3.3 PRINCIPLE OF TRANSMISSIBILITY. 
EQUIVALENT FORCES 


The principle of transmissibility states that the conditions of equi- 
librium or motion of a rigid body will remain unchanged if a force 
F acting at a given point of the rigid body is replaced by a force F’ of 
the same magnitude and same direction, but acting at a different point, 
provided that the two forces have the same line of action (Fig. 3.3). 
The two forces F and F’ have the same effect on the rigid body and 
are said to be equivalent. This principle, which states that the action 
of a force may be transmitted along its line of action, is based on 
experimental evidence. It cannot be derived from the properties 
established so far in this text and must therefore be accepted as an 
experimental law. However, as you will see in Sec. 16.5, the principle 
of transmissibility can be derived from the study of the dynamics of 
rigid bodies, but this study requires the introduction of Newton's 


3.3 Principle of Transmissibility. 
Equivalent Forces 
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Fig. 3.1 


Fig. 3.2 


/ 


Fig. 3.3 
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second and third laws and of a number of other concepts as well. 
Therefore, our study of the statics of rigid bodies will be based on 
the three principles introduced so far, i.e., the parallelogram law of 
addition, Newton’s first law, and the principle of transmissibility. 

It was indicated in Chap. 2 that the forces acting on a particle 
could be represented by vectors. These vectors had a well-defined 
point of application, namely, the particle itself, and were therefore 
fixed, or bound, vectors. In the case of forces acting on a rigid body, 
however, the point of application of the force does not matter, as 
long as the line of action remains unchanged. Thus, forces acting on 
a rigid body must be represented by a different kind of vector, known 
as a sliding vector, since forces may be allowed to slide along their 
lines of action. We should note that all the properties which will be 
derived in the following sections for the forces acting on a rigid body 
will be valid more generally for any system of sliding vectors. In 
order to keep our presentation more intuitive, however, we will carry 
it out in terms of physical forces rather than in terms of mathematical 
sliding vectors. 


Fig. 3.4 


Returning to the example of the truck, we first observe that the 
line of action of the force F is a horizontal line passing through both 
the front and the rear bumpers of the truck (Fig. 3.4). Using the 
principle of transmissibility, we can therefore replace F by an equiva- 
lent force F' acting on the rear bumper. In other words, the condi- 
tions of motion are unaffected, and all the other external forces 
acting on the truck (W, R;, Rz) remain unchanged if the people push 
on the rear bumper instead of pulling on the front bumper. 

The principle of transmissibility and the concept of equivalent 
forces have limitations, however. Consider, for example, a short bar 
AB acted upon by equal and opposite axial forces P; and Ps, as shown 
in Fig. 3.5a. According to the principle of transmissibility, the force 
P, can be replaced by a force P5 having the same magnitude, the 
same direction, and the same line of action but acting at A instead 
of B (Fig. 3.5b). The forces P; and P3 acting on the same particle 


A B A B A B 
(jE _ a 
(/ - -@ 
(a) (b) (c) 
A B A B A B 


. - = 


can be added according to the rules of Chap. 2, and, as these forces 
are equal and opposite, their sum is equal to zero. Thus, in terms of 
the external behavior of the bar, the original system of forces shown 
in Fig. 3.5a is equivalent to no force at all (Fig. 3.5c). 

Consider now the two equal and opposite forces P, and P, 
acting on the bar AB as shown in Fig. 3.5d. The force P, can be 
replaced by a force P35 having the same magnitude, the same direction, 
and the same line of action but acting at B instead of at A (Fig. 3.5e). 
The forces P, and P3 can then be added, and their sum is again zero 
(Fig. 3.5f). From the point of view of the mechanics of rigid bodies, 
the systems shown in Fig. 3.5a and d are thus equivalent. But the 
internal forces and deformations produced by the two systems are 
clearly different. The bar of Fig. 3.5a is in tension and, if not abso- 
lutely rigid, will increase in length slightly; the bar of Fig. 3.5d is in 
compression and, if not absolutely rigid, will decrease in length 
slightly. Thus, while the principle of transmissibility may be used 
freely to determine the conditions of motion or equilibrium of rigid 
bodies and to compute the external forces acting on these bodies, it 
should be avoided, or at least used with care, in determining internal 
forces and deformations. 


3.4 VECTOR PRODUCT OF TWO VECTORS 


In order to gain a better understanding of the effect of a force on a 
rigid body, a new concept, the concept of a moment of a force about a 
point, will be introduced at this time. This concept will be more clearly 
understood, and applied more effectively, if we first add to the mathe- 
matical tools at our disposal the vector product of two vectors. 

The vector product of two vectors P and Q is defined as the 
vector V which satisfies the following conditions. 


1. The line of action of V is perpendicular to the plane containing 
P and Q (Fig. 3.6a). 

2. The magnitude of V is the product of the magnitudes of P and 
Q and of the sine of the angle 6 formed by P and Q (the mea- 
sure of which will always be 180° or less); we thus have 


V = PO sin 0 (3.1) 


3. The direction of V is obtained from the right-hand rule. Close 
your right hand and hold it so that your fingers are curled in 
the same sense as the rotation through 6 which brings the vec- 
tor P in line with the vector Q; your thumb will then indicate 
the direction of the vector V (Fig. 3.6b). Note that if P and Q 
do not have a common point of application, they should first 
be redrawn from the same point. The three vectors P, Q, and 
V—taken in that order—are said to form a right-handed 
triad. + 


tWe should note that the x, y, and axes used in Chap. 2 form a right-handed system 
of orthogonal axes and that the unit vectors i, j, k defined in Sec. 2.12 form a 
right-handed orthogonal triad. 


3.4 Vector Product of Two Vectors 


Fig. 3.6 
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78 Rigid Bodies: Equivalent Systems of Forces As stated above, the vector V satisfying these three conditions 
(which define it uniquely) is referred to as the vector product of P 
and Q; it is represented by the mathematical expression 


V=PxQ (3.2) 


Because of the notation used, the vector product of two vectors P 
and Q is also referred to as the cross product of P and Q. 

It follows from Eq. (3.1) that, when two vectors P and Q have 
either the same direction or opposite directions, their vector product 
is zero. In the general case when the angle 6 formed by the two vectors 
is neither 0° nor 180°, Eq. (3.1) can be given a simple geometric inter- 
pretation: The magnitude V of the vector product of P and Q is equal 
to the area of the parallelogram which has P and Q for sides (Fig. 3.7). 
The vector product P X Q will therefore remain unchanged if we 
replace Q by a vector Q’ which is coplanar with P and Q and such 
that the line joining the tips of Q and Q’ is parallel to P. We write 


V=PxQ=PxQ’ (3.3) 


From the third condition used to define the vector product V 
of P and Q, namely, the condition stating that P, Q, and V must 
form a right-handed triad, it follows that vector products are not 
commutative, i.e., Q X P is not equal to P X Q. Indeed, we can 
easily check that Q x P is represented by the vector —V, which is 
equal and opposite to V. We thus write 


Q x P= -(P x Q) (3.4) 


y EXAMPLE Let us compute the vector product V = P X Q where the 
vector P is of magnitude 6 and lies in the zx plane at an angle of 30° with 
the x axis, and where the vector Q is of magnitude 4 and lies along the 
x axis (Fig. 3.8). 

Q It follows immediately from the definition of the vector product that 
——{ _ the vector V must lie along the y axis, have the magnitude 
ae V = PQ sin 0 = (6)(4) sin 30° = 12 
2) 
Z and be directed upward. & 


We saw that the commutative property does not apply to vector 
products. We may wonder whether the distributive property holds, 
i.e., whether the relation 


Px (Q, + Q:)) =P XQ, +P x Q, (3.5) 


is valid. The answer is yes. Many readers are probably willing to accept 
without formal proof an answer which they intuitively feel is correct. 
However, since the entire structure of both vector algebra and statics 
depends upon the relation (3.5), we should take time out to derive it. 

We can, without any loss of generality, assume that P is directed 
along the y axis (Fig. 3.92). Denoting by Q the sum of Q; and Qa, 
we drop perpendiculars from the tips of Q, Q), and Qs» onto the zx 
plane, defining in this way the vectors Q’, Q{, and Q5. These vectors 
will be referred to, respectively, as the projections of Q, Q;, and Q» 
on the zx plane. Recalling the property expressed by Eq. (3.3), we 


note that the left-hand member of Eq. (3.5) can be replaced by 
P X Q’ and that, similarly, the vector products P X Q, and P x Qs 
can respectively be replaced by P X Qj and P X Q5. Thus, the 
relation to be proved can be written in the form 


PX Q'=PxQi+PxQ (3.5!) 
We now observe that P x Q’ can be obtained from Q’ by 


multiplying this vector by the scalar P and rotating it counterclock- 
wise through 90° in the zx plane (Fig. 3.9b); the other two vector 


Fig. 3.9 


products in (3.5’) can be obtained in the same manner from Q) and 
Q5, respectively. Now, since the projection of a parallelogram onto 
an arbitrary plane is a parallelogram, the projection Q’ of the sum 
Q of Q; and Q, must be the sum of the projections Q; and Q5 of 
Q, and Q; on the same plane (Fig. 3.9a). This relation between the 
vectors Q’, Qj, and Q3 will still hold after the three vectors have 
been multiplied by the scalar P and rotated through 90° (Fig. 3.9b). 
Thus, the relation (3.5’) has been proved, and we can now be sure 
that the distributive property holds for vector products. 

A third property, the associative property, does not apply to 
vector products; we have in general 


(P xX Q) xX S#P xX (Q x S) (3.6) 


3.5 VECTOR PRODUCTS EXPRESSED IN TERMS 
OF RECTANGULAR COMPONENTS 


Let us now determine the vector product of any two of the unit 
vectors i, j, and k, which were defined in Chap. 2. Consider first the 
product i X j (Fig. 3.10a). Since both vectors have a magnitude 
equal to 1 and since they are at a right angle to each other, their 
vector product will also be a unit vector. This unit vector must be k, 
since the vectors i, j, and k are mutually perpendicular and form a 
right-handed triad. On the other hand, it follows from the right-hand 
rule given on page 77 that the product j X i will be equal to —k 
(Fig. 3.10b). Finally, it should be observed that the vector product 


3.5 Vector Products Expressed in Terms 
of Rectangular Components 


(b) 
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of a unit vector with itself, such as i X i, is equal to zero, since both 
vectors have the same direction. The vector products of the various 
possible pairs of unit vectors are 


ixi=0 jxi=—-k kxi=j 
ixj=k jxj=o k xj=-i (3.7) 
ixk=-j jxk=i kx k=0 


By arranging in a circle and in counterclockwise order the three let- 
ters representing the unit vectors (Fig. 3.11), we can simplify the 
determination of the sign of the vector product of two unit vectors: 
The product of two unit vectors will be positive if they follow each 
other in counterclockwise order and will be negative if they follow 
each other in clockwise order. 

We can now easily express the vector product V of two given 
vectors P and Q in terms of the rectangular components of these 
vectors. Resolving P and Q into components, we first write 


V=PxQ=(Pit+ Pj + PK) x (06+ 0,j + OW) 


Making use of the distributive property, we express V as the sum of 
vector products, such as Pi X Q,j. Observing that each of the 
expressions obtained is equal to the vector product of two unit vec- 
tors, such as i X j, multiplied by the product of two scalars, such as 
P,Q,, and recalling the identities (3.7), we obtain, after factoring out 


i, j, and k, 
V= (P/O; _ FQ.) an (POs -_ P.Q.)j a Oy a P,Q,)k (3.8) 


The rectangular components of the vector product V are thus found 
to be 


V,— 5,07— £0, 
We =O ae. (3.9) 


Ve = OF i EO; 


Returning to Eq. (3.8), we observe that its right-hand member repre- 
sents the expansion of a determinant. The vector product V can thus 
be expressed in the following form, which is more easily memorized:t 


E q- kK 
Vi ee ee, (3.10) 
QO: Qy Q: 


tAny determinant consisting of three rows and three columns can be evaluated by 
repeating the first and second columns and forming products along each diagonal line. 
The sum of the products obtained along the red lines is then subtracted from the sum 
of the products obtained along the black lines. 


3.6 MOMENT OF A FORCE ABOUT A POINT 


Let us now consider a force F acting on a rigid body (Fig. 3.12a). As we 
know, the force F is represented by a vector which defines its magnitude 
and direction. However, the effect of the force on the rigid body depends 
also upon its point of application A. The position of A can be conve- 
niently defined by the vector r which joins the fixed reference point O 
with A; this vector is known as the position vector of A.+ The position 
vector r and the force F define the plane shown in Fig. 3.12a. 

We will define the moment of F about O as the vector product 
of r and F: 


Mo =rxF (3.11) 


According to the definition of the vector product given in Sec. 3.4, 
the moment Mo must be perpendicular to the plane containing O and 
the force F. The sense of Mo is defined by the sense of the rotation 
which will bring the vector r in line with the vector F; this rotation will 
be observed as counterclockwise by an observer located at the tip of 
Mo. Another way of defining the sense of Mo is furnished by a variation 
of the right-hand rule: Close your right hand and hold it so that your 
fingers are curled in the sense of the rotation that F would impart to 
the rigid body about a fixed axis directed along the line of action of Mo; 
your thumb will indicate the sense of the moment Mo (Fig. 3.125). 

Finally, denoting by @ the angle between the lines of action of 
the position vector r and the force F, we find that the magnitude of 
the moment of F about O is 


Mo = TF sin @ = Fd (3.12) 


where d represents the perpendicular distance from O to the line of 
action of F. Since the tendency of a force F to make a rigid body 
rotate about a fixed axis perpendicular to the force depends upon the 
distance of F from that axis as well as upon the magnitude of F, we 
note that the magnitude of Mo measures the tendency of the force F 
to make the rigid body rotate about a fixed axis directed along Mo. 

In the SI system of units, where a force is expressed in newtons 
(N) and a distance in meters (m), the moment of a force is expressed 
in newton-meters (N - m). In the U.S. customary system of units, 
where a force is expressed in pounds and a distance in feet or inches, 
the moment of a force is expressed in lb - ft or lb - in. 

We can observe that although the moment Mo of a force about 
a point depends upon the magnitude, the line of action, and the 
sense of the force, it does not depend upon the actual position of 
the point of application of the force along its line of action. Con- 
versely, the moment Mo of a force F does not characterize the posi- 
tion of the point of application of F. 


tWe can easily verify that position vectors obey the law of vector addition and, thus, are 
truly vectors. Consider, for example, the position vectors r and r’ of A with respect to two 
reference points O and O’ and the position vector s of O with respect to O' (Fig. 3.40a, 


— 
Sec. 3.16). We verify that the position vector r' = O'A can be obtained from the position 
— — 
vectors s = O'O and r = OA by applying the triangle rule for the addition of vectors. 


3.6 Moment of a Force about a Point 


Fig. 3.12 


Mo 
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However, as it will be seen presently, the moment Mo of a force 
F of given magnitude and direction completely defines the line of 
action of F. Indeed, the line of action of F must lie in a plane 
through O perpendicular to the moment Mp; its distance d from O 
must be equal to the quotient Mo/F of the magnitudes of Mo and 
F; and the sense of Mg determines whether the line of action of F 
is to be drawn on one side or the other of the point O. 

We recall from Sec. 3.3 that the principle of transmissibility 
states that two forces F and F’ are equivalent (i.e., have the same 
effect on a rigid body) if they have the same magnitude, same direc- 
tion, and same line of action. This principle can now be restated as 
follows: Two forces F and F' are equivalent if, and only if, they are 
equal (i.e., have the same magnitude and same direction) and have 
equal moments about a given point O. The necessary and sufficient 
conditions for two forces F and F’ to be equivalent are thus 


F=F and Mo =Mo (3.13) 


We should observe that it follows from this statement that if the rela- 
tions (3.13) hold for a given point O, they will hold for any other point. 


Problems Involving Only Two Dimensions. Many applications 
deal with two-dimensional structures, i.e., structures which have length 
and breadth but only negligible depth and which are subjected to 
forces contained in the plane of the structure. Two-dimensional struc- 
tures and the forces acting on them can be readily represented on a 
sheet of paper or on a blackboard. Their analysis is therefore consider- 
ably simpler than that of three-dimensional structures and forces. 


F 


(a) Mg =+ Fd (b) Mg =-Fd 
Fig. 3.13 


Consider, for example, a rigid slab acted upon by a force F 
(Fig. 3.13). The moment of F about a point O chosen in the plane 
of the figure is represented by a vector Mo perpendicular to that 
plane and of magnitude Fd. In the case of Fig. 3.13a the vector Mo 
points out of the paper, while in the case of Fig. 3.13b it points into 
the paper. As we look at the figure, we observe in the first case that 
F tends to rotate the slab counterclockwise and in the second case 
that it tends to rotate the slab clockwise. Therefore, it is natural to 
refer to the sense of the moment of F about O in Fig. 3.13a as 
counterclockwise \, and in Fig. 3.13b as clockwise ). 

Since the moment of a force F acting in the plane of the figure 
must be perpendicular to that plane, we need only specify the magni- 
tude and the sense of the moment of F about O. This can be done by 
assigning to the magnitude Mo of the moment a positive or negative sign 
according to whether the vector Mo points out of or into the paper. 


3.7 VARIGNON’S THEOREM 


The distributive property of vector products can be used to deter- 
mine the moment of the resultant of several concurrent forces. If 
several forces F,, Fs, . . . are applied at the same point A (Fig. 3.14), 
and if we denote by r the position vector of A, it follows immediately 
from Eq. (3.5) of Sec. 3.4 that 


ee CE ost er trae (3.14) 


In words, the moment about a given point O of the resultant of several 
concurrent forces is equal to the sum of the moments of the various 
forces about the same point O. This property, which was originally 
established by the French mathematician Varignon (1654-1722) long 
before the introduction of vector algebra, is known as Varignon’s 
theorem. 

The relation (3.14) makes it possible to replace the direct deter- 
mination of the moment of a force F by the determination of the 
moments of two or more component forces. As you will see in the 
next section, F will generally be resolved into components parallel 
to the coordinate axes. However, it may be more expeditious in some 
instances to resolve F into components which are not parallel to the 
coordinate axes (see Sample Prob. 3.3). 


3.8 RECTANGULAR COMPONENTS OF THE MOMENT 
OF A FORCE 


In general, the determination of the moment of a force in space will 
be considerably simplified if the force and the position vector of its 
point of application are resolved into rectangular x, y, and z compo- 
nents. Consider, for example, the moment Mo about O of a force F 
whose components are F,, Ey, and F, and which is applied at a point 
A of coordinates x, y, and z (Fig. 3.15). Observing that the compo- 
nents of the position vector r are respectively equal to the coordi- 
nates x, y, and z of the point A, we write 


r=xi+ yj + 2k (3.15) 
F=Fit+F,j + Fk (3.16) 


Substituting for r and F from (3.15) and (3.16) into 
Mo =rXxF (3.11) 


and recalling the results obtained in Sec. 3.5, we write the moment 
Mo of F about O in the form 


Mo = M,i + M,j + M.k (3.17) 


where the components M,, M,, and M, are defined by the relations 


¥? 


ME 2h 
M, = 2F, — xF, (3.18) 
Maa i ye, 


3.8 Rectangular Components of the 
Moment of a Force 
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As you will see in Sec. 3.11, the scalar components M,, M,, and M, 
of the moment Mo measure the tendency of the force F to impart 
to a rigid body a motion of rotation about the x, y, and z axes, respec- 
tively. Substituting from (3.18) into (3.17), we can also write Mo in 
the form of the determinant 


(3.19) 


To compute the moment Mz about an arbitrary point B of a 
force F applied at A (Fig. 3.16), we must replace the position vector 
r in Eq. (3.11) by a vector drawn from B to A. This vector is the 
position vector of A relative to B and will be denoted by r4yg, Observ- 
ing that ra/p can be obtained by subtracting rg from ry, we write 


M,; = Ya/B Xx F= (r4 — rp) x F (3.20) 


or, using the determinant form, 


(3.21) 


where x,/g, Ya/g, and Z4/g denote the components of the vector ryjp: 


XA/B = XA — XB YAiB — YA ~— YB ZA/B — 2A — 2B 


In the case of problems involving only two dimensions, the 
force F can be assumed to lie in the xy plane (Fig. 3.17). Setting 
z = 0 and F, = 0 in Eq. (3.19), we obtain 


Mo = (xF, — yF,)k 


We verify that the moment of F about O is perpendicular to the plane 
of the figure and that it is completely defined by the scalar 


MoM, —aF, yr; (3.22) 


As noted earlier, a positive value for Mo indicates that the vector Mo 
points out of the paper (the force F tends to rotate the body counter- 
clockwise about O), and a negative value indicates that the vector Mo 
points into the paper (the force F tends to rotate the body clockwise 
about O). 

To compute the moment about B(xz, yg) of a force lying in the 
xy plane and applied at A(x,4, ya) (Fig. 3.18), we set z4/3 = 0 and 
F, = 0 in the relations (3.21) and note that the vector Mg is perpen- 
dicular to the xy plane and is defined in magnitude and sense by the 
scalar 


yo hia yu) By (3.23) 


jh SAMPLE PROBLEM 3.1 


A 100-lb vertical force is applied to the end of a lever which is attached to a shaft 
at O. Determine (a) the moment of the 100-Ib force about O; (b) the horizontal 
force applied at A which creates the same moment about O; (c) the smallest 
force applied at A which creates the same moment about O; (d) how far from 
the shaft a 240-lb vertical force must act to create the same moment about O; 
(e) whether any one of the forces obtained in parts b, c, and d is equivalent to 


the original force. 


24 in. 
100 Ib 


SOLUTION 


a. Moment about O. The perpendicular distance from O to the line of 
action of the 100-lb force is 


d = (24 in.) cos 60° = 12 in. 
The magnitude of the moment about O of the 100-Ib force is 
Mo = Fd = (100 1b)(12 in.) = 1200 Ib - in. 


Since the force tends to rotate the lever clockwise about O, the moment 
will be represented by a vector Mo perpendicular to the plane of the figure 
and pointing into the paper. We express this fact by writing 


Mo = 1200 lb-in.) <4 
b. Horizontal Force. In this case, we have 
d = (24 im) sin 60° = 20:8 in: 


Since the moment about O must be 1200 lb - in., we write 


Mo = Fd 
1200 lb - in. = F(20.8 in.) 
F = 57.7 lb if = yf ly 


c. Smallest Force. Since Mo = Fd, the smallest value of F occurs when 
d is maximum. We choose the force perpendicular to OA and note that 


d = 24 in.; thus 
Mo = Fd 
1200 Ib - in. = F(24 in.) 
F = 50 lb F = 50 lb sG30°_ <4 


d. 240-lb Vertical Force. In this case Mo = Fd yields 


1200 lb - in. = (240 Ib)d a. = Dans 
but OB cos 60° = d OB=10in. <4 


e. None of the forces considered in parts b, c, and d is equivalent to the 
original 100-Ib force. Although they have the same moment about O, they 
have different x and y components. In other words, although each force 
tends to rotate the shaft in the same manner, each causes the lever to pull 
on the shaft in a different way. 


85 


+ (0.16 m)j 
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SAMPLE PROBLEM 3.2 


A force of 800 N acts on a bracket as shown. Determine the moment of the 
force about B. 


SOLUTION 


The moment Mg of the force F about B is obtained by forming the vector 
product 
Mz, = Lenin x F 

where ry,g is the vector drawn from B to A. Resolving r4/g and F into 
rectangular components, we have 

rap = —(0.2 mi + (0.16 mj 

F = (800 N) cos 60° + (800 N) sin 60° 
= (400 N)i + (693 N)j 


Recalling the relations (3.7) for the cross products of unit vectors (Sec. 3.5), 
we obtain 

My = tap X F = [—(0.2 m)i + (0.16 mj] x [(400 N)i + (693 N)j] 
—(138.6 N - m)k — (64.00 N- m)k 
—(202.6 N - m)k Mz =203N-m,) 4 


The moment Mg is a vector perpendicular to the plane of the figure and 
pointing into the paper. 


SAMPLE PROBLEM 3.3 


A 30-lb force acts on the end of the 3-ft lever as shown. Determine the 
moment of the force about O. 


SOLUTION 


The force is replaced by two components, one component P in the direction 
of OA and one component Q perpendicular to OA. Since O is on the line 
of action of P, the moment of P about O is zero and the moment of the 
30-Ib force reduces to the moment of Q, which is clockwise and, thus, is 
represented by a negative scalar. 
Q = (30 Ib) sin 20° = 10.26 lb 
Mo = —Q(3 ft) = —(10.26 Ib)(3 ft) = —30.8 lb - ft 


Since the value obtained for the scalar Mo is negative, the moment Mo 
points into the paper. We write 


My = 30.8lb-ft) < 


300 mm 


(28.8 N-m)j 


— (7.68 Nem)i 


(200 N)X 
(28.8 Nem) k 


SAMPLE PROBLEM 3.4 


A rectangular plate is supported by brackets at A and B and by a wire CD. 
Knowing that the tension in the wire is 200 N, determine the moment about 
A of the force exerted by the wire on point C. 


SOLUTION 


The moment My, about A of the force F exerted by the wire on point C is 
obtained by forming the vector product 


My = rou X F 

where rc, is the vector drawn from A to C, 

roa = AC = (0.3 m)i + (0.08 m)k (2) 

and F * is the 200-N force directed along CD. Introducing the unit vector 
A = CD/CD, we write 


(3) 


Resolving the vector CD into rectangular components, we have 
CD = —(0.3m)it (0.24m)j — (032m)k  CD=0.50m 
Substituting into (3), we obtain 


200N 
= =(0) i+ (0. j — (0. k 
F Geos [—(0.3 m)i + (0.24 m)j — (0.32 m)k] 
= (1PX0 INDIA se (96 N)j — (128 N)k (4) 
Substituting for rc, and F from (2) and (4) into (1) and recalling the 
relations (3.7) of Sec. 3.5, we obtain 
My = tou X F = (0.3i + 0.08k) x (—120i + 96j — 128k) 
= (0.3)(96)k + (0.3)(—128)(—j) + (0.08)(—120)j + (0.08)(96)(—i) 
M, = —(7.68 N- mji + (28.8 N-m)j + (288N-mk <4 
Alternative Solution. As indicated in Sec. 3.8, the moment M, can be 
expressed in the form of a determinant: 


i j k ij ok 
My, = |\Xe ~ Xa Yo YA 42¢ 7 Z2al = 0.3 0 0.08 
F, F, F. -120 96 —128 


My, = —(7.68N - m)i + (28.8 N - m)j + (28.8N -m)k <j 
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SOLVING FROBLEMS 
JN TOUR OWN 


L. this lesson we introduced the vector product or cross product of two vectors. 
In the following problems, you may want to use the vector product to compute 
the moment of a force about a point and also to determine the perpendicular dis- 
tance from a point to a line. 


We defined the moment of the force F about the point O of a rigid body as 
Mo =rxF (3.11) 


where r is the position vector from O to any point on the line of action of F. Since 
the vector product is not commutative, it is absolutely necessary when computing 
such a product that you place the vectors in the proper order and that each vector 
have the correct sense. The moment Mo is important because its magnitude is a 
measure of the tendency of the force F to cause the rigid body to rotate about an 
axis directed along Mo. 


1. Computing the moment Mo of a force in two dimensions. You can use one 
of the following procedures: 

a. Use Eq. (3.12), Mo = Fd, which expresses the magnitude of the moment 
as the product of the magnitude of F and the perpendicular distance d from O to 
the line of action of F (Sample Prob. 3.1). 

b. Express r and F in component form and formally evaluate the vector prod- 
uct My = r X F [Sample Prob. 3.2]. 

c. Resolve F into components respectively parallel and perpendicular to the 
position vector r. Only the perpendicular component contributes to the moment 
of F [Sample Prob. 3.3]. 

d. Use Eq. (3.22), Mo = Mz = xF, — yF,. When applying this method, the 
simplest approach is to treat the scalar components of r and F as positive and then 
to assign, by observation, the proper sign to the moment produced by each force 
component. For example, applying this method to solve Sample Prob. 3.2, we 
observe that both force components tend to produce a clockwise rotation about B. 
Therefore, the moment of each force about B should be represented by a negative 
scalar. We then have for the total moment 


Mz = —(0.16 m)(400 N) — (0.20 m)(693 N) = —202.6N-m 


2. Computing the moment Mo of a force F in three dimensions. Following the 
method of Sample Prob. 3.4, the first step in the process is to select the most 
convenient (simplest) position vector r. You should next express F in terms of its 
rectangular components. The final step is to evaluate the vector product r x F to 
determine the moment. In most three-dimensional problems you will find it easiest 
to calculate the vector product using a determinant. 


3. Determining the perpendicular distance d from a point A to a given line. 
First assume that a force F of known magnitude F lies along the given line. Next 
determine its moment about A by forming the vector product My = r X F, and 
calculate this product as indicated above. Then compute its magnitude M,. Finally, 
substitute the values of F and M, into the equation My, = Fd and solve for d. 


3.1 


3.2 


3.3 


3.4 


3.5 


3.6 


3.7 


3.8 


PROBLEMS 


A foot valve for a pneumatic system is hinged at B. Knowing that 
a = 28°, determine the moment of the 16-N force about point B 
by resolving the force into horizontal and vertical components. 


A foot valve for a pneumatic system is hinged at B. Knowing that 
a = 28°, determine the moment of the 16-N force about point B 
by resolving the force into components along ABC and in a direc- 
tion perpendicular to ABC. 


A 300-N force is applied at A as shown. Determine (a) the moment 


of the 300-N force about D, (b) the smallest force applied at B 
that creates the same moment about D. 


-100 mm—>|———. 200 mm ———— 


ry D 
125 mm 
200 mm 
e 
Cc 
y 
25° A 8 
300 N 


Fig. P3.3 and P3.4 


A 300-N force is applied at A as shown. Determine (a) the moment 
of the 300-N force about D, (b) the magnitude and sense of the 
horizontal force applied at C that creates the same moment about 
D, (c) the smallest force applied at C that creates the same moment 
about D. 


An 8-lb force P is applied to a shift lever. Determine the moment 
of P about B when a is equal to 25°. 


For the shift lever shown, determine the magnitude and the direc- 
tion of the smallest force P that has a 210-lb - in. clockwise moment 
about B. 


An 11-lb force P is applied to a shift lever. The moment of P about 
B is clockwise and has a magnitude of 250 Ib - in. Determine the 
value of a. 


It is known that a vertical force of 200 lb is required to remove 
the nail at C from the board. As the nail first starts moving, deter- 
mine (a) the moment about B of the force exerted on the nail, 
(b) the magnitude of the force P that creates the same moment 
about B if a = 10°, (c) the smallest force P that creates the same 
moment about B. 


Fig. P3.1 and P3.2 


22 in. 


ens 


Fig. P3.5, P3.6, and P3.7 
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Fig. P3.12 


3.9 


3.10 


A winch puller AB is used to straighten a fence post. Knowing that 
the tension in cable BC is 1040 N and length d is 1.90 m, deter- 
mine the moment about D of the force exerted by the cable at C 
by resolving that force into horizontal and vertical components 


applied (a) at point C, (b) at point E. 


It is known that a force with a moment of 960 N - m about D is 
required to straighten the fence post CD. If d = 2.80 m, determine 
the tension that must be developed in the cable of winch puller 
AB to create the required moment about point D. 


0.875 m 


Fig. P3.9, P3.10, and P3.11 


3.17 


3.12 


It is known that a force with a moment of 960 N - m about D is 
required to straighten the fence post CD. If the capacity of winch 
puller AB is 2400 N, determine the minimum value of distance d 
to create the specified moment about point D. 


and 3.13 The tailgate of a car is supported by the hydraulic 
lift BC. If the lift exerts a 125-lb force directed along its centerline 
on the ball and socket at B, determine the moment of the force 
about A. 


Fig. P3.13 


3.14 


3.15 


3.16 


3.17 


3.18 


3.19 


3.20 


3.21 


A mechanic uses a piece of pipe AB as a lever when tightening 
an alternator belt. When he pushes down at A, a force of 485 N 
is exerted on the alternator at B. Determine the moment of that 
force about bolt C if its line of action passes through O. 


120 mm 
Cc 
90 mm 
72mm 
B 
A 65 mm 
Fig. P3.14 


Form the vector products B X C and B’ x C, where B = B’, and 
use the results obtained to prove the identity 


sin a cos B = }sin(a@ + B) + $ sin (a — B). 


A line passes through the points (20 m, 16 m) and (—1 m, —4 m). 
Determine the perpendicular distance d from the line to the origin 
O of the system of coordinates. 


The vectors P and Q are two adjacent sides of a parallelogram. Deter- 
mine the area of the parallelogram when (a) P = —7i + 3j — 3k 
and Q = 2i + 2j + 5k, (b) P = Gi — 5j — 2k and Q = —2i + 
5j — k. 


A plane contains the vectors A and B. Determine the unit vector 
normal to the plane when A and B are equal to, respectively, 
(a) i + 2] — 5k and 4i — 7j — 5k, (b) 3i — 3j + 2k and —2i + 
6j — 4k. 


Determine the moment about the origin O of the force F = 4i + 
5j — 3k that acts at a point A. Assume that the position vector of 
A is (a) r = 2i — 3j + 4k, (b) r = 21 + 2.5j — L.5k, (c) vr = 21 + 
5j + 6k. 


Determine the moment about the origin O of the force F = 
—2i + 3j + 5k that acts at a point A. Assume that the position 
vector of A is (a) r =it+jt+k, (b) vr = 2+ 3j — 5k (c)r= 
—4i + 6j + 10k. 


A 200-N force is applied as shown to the bracket ABC. Determine 
the moment of the force about A. 


Problems 


Fig. P3.15 


BS 
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Fig. P3.23 


wwe 


5 in. 


Fig. P3.24 


3.22 


3.24 


3.25 


Before the trunk of a large tree is felled, cables AB and BC are 
attached as shown. Knowing that the tensions in cables AB and BC 
are 555 N and 660 N, respectively, determine the moment about O 
of the resultant force exerted on the tree by the cables at B. 


4.25 m 


Fig. P3.22 


The 6-m boom AB has a fixed end A. A steel cable is stretched 
from the free end B of the boom to a point C located on the verti- 
cal wall. If the tension in the cable is 2.5 kN, determine the 
moment about A of the force exerted by the cable at B. 


A wooden board AB, which is used as a temporary prop to support 
a small roof, exerts at point A of the roof a 57-lb force directed 
along BA. Determine the moment about C of that force. 


The ramp ABCD is supported by cables at corners C and D. The 
tension in each of the cables is 810 N. Determine the moment 
about A of the force exerted by (a) the cable at D, (b) the cable 
at C. 


Fig. P3.25 


3.26 A small boat hangs from two davits, one of which is shown in the Problems Q3 
figure. The tension in line ABAD is 82 lb. Determine the moment 
about C of the resultant force Ry exerted on the davit at A. 


Fig. P3.26 


3.27 In Prob. 3.22, determine the perpendicular distance from point O 
to cable AB. 


3.28 In Prob. 3.22, determine the perpendicular distance from point O 
to cable BC. 


3.29 In Prob. 3.24, determine the perpendicular distance from point D 
to a line drawn through points A and B. 


3.30 In Prob. 3.24, determine the perpendicular distance from point C 
to a line drawn through points A and B. 


3.31 In Prob. 3.25, determine the perpendicular distance from point A 
to portion DE of cable DEF. 


3.32 In Prob. 3.25, determine the perpendicular distance from point A 
to a line drawn through points C and G. 


3.33 In Prob. 3.26, determine the perpendicular distance from point C 
to portion AD of the line ABAD. 


3.34 Determine the value of a that minimizes the perpendicular dis- 
tance from point C to a section of pipeline that passes through 
points A and B. 


Fig. P3.34 
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Q 


Fig. 3.19 


3.9 SCALAR PRODUCT OF TWO VECTORS 


The scalar product of two vectors P and Q is defined as the product 
of the magnitudes of P and Q and of the cosine of the angle 6 formed 
by P and Q (Fig. 3.19). The scalar product of P and Q is denoted 
by P - Q. We write therefore 


P30 — 2O%cosie (3.24) 


Note that the expression just defined is not a vector but a scalar, 
which explains the name scalar product; because of the notation 
used, P - Q is also referred to as the dot product of the vectors P 
and Q. 

It follows from its very definition that the scalar product of two 
vectors is commutative, i.e., that 


P-Q=Q-P (3.25) 


To prove that the scalar product is also distributive, we must prove 
the relation 


P-(Q, + Qs) = P-Q, + P- Q: (3.26) 


We can, without any loss of generality, assume that P is directed 
along the y axis (Fig. 3.20). Denoting by Q the sum of Q; and Qs 
and by 6, the angle Q forms with the y axis, we express the left-hand 
member of (3.26) as follows: 


P - (Q; + Qs) =P: Q = PQ cos 6, = PQ, (3.27) 


where Q, is the y component of Q. We can, in a similar way, express 
the right-hand member of (3.26) as 


P-Qi + P+ Qs = P(Qi)y + P(Qs)y (3.28) 


Since Q is the sum of Q, and Qs, its y component must be equal to 
the sum of the y components of Q; and Qs. Thus, the expressions 
obtained in (3.27) and (3.28) are equal, and the relation (3.26) has 
been proved. 

As far as the third property—the associative property—is con- 
cerned, we note that this property cannot apply to scalar products. 
Indeed, (P - Q) - S has no meaning, since P - Q is not a vector but 
a scalar. 

The scalar product of two vectors P and Q can be expressed 
in terms of their rectangular components. Resolving P and Q into 
components, we first write 


PeQ = a+ Fj 72k) (Gat 2) 4 Ok) 


Making use of the distributive property, we express P - Q as the sum 
of scalar products, such as P,i - Q,i and P,i - Q,j. However, from the 


definition of the scalar product it follows that the scalar products of 
the unit vectors are either zero or one. 


1 


=] i>] = 


‘i 1 k-k=1 
i-j=0 j-k=0 k-i =0 2) 

Thus, the expression obtained for P - Q reduces to 
P-Q=P,Q, + P,Q, + P.O. (3.30) 


In the particular case when P and Q are equal, we note that 


P-P=P?+P?+P?=P" (3.31) 
4 y v4 


Applications 


1. Angle formed by two given vectors. Let two vectors be given 
in terms of their components: 


P = Pit Pyj + Pk 
Q = Qi + Q,j + Qk 


To determine the angle formed by the two vectors, we equate 
the expressions obtained in (3.24) and (3.30) for their scalar 
product and write 


PO cos 0= £0; + FOy + 2,0, 
Solving for cos 0, we have 


P,Q, + PyQy + PQ: 
cos 0 = ae (3.32) 
PQ 


2. Projection of a vector on a given axis. Consider a vector P 
forming an angle 6 with an axis, or directed line, OL 
(Fig. 3.21). The projection of P on the axis OL is defined as 
the scalar 


Por = P cos 6 (3.33) 


We note that the projection Po; is equal in absolute value to 
the length of the segment OA; it will be positive if OA has the 
same sense as the axis OL, that is, if @ is acute, and negative 
otherwise. If P and OL are at a right angle, the projection of 
P on OL is zero. 

Consider now a vector Q directed along OL and of the 
same sense as OL (Fig. 3.22). The scalar product of P and Q 
can be expressed as 


P-Q= PO cos 6= Por (3.34) 
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Fig. 3.25 


from which it follows that 


P-Q_ PQ, + P,Qy + P.O: 
Q Q 


In the particular case when the vector selected along OL is the 
unit vector A (Fig. 3.23), we write 


Pai (3.35) 


Por =P-aA (3.36) 


Resolving P and A into rectangular components and recalling 
from Sec. 2.12 that the components of A along the coordinate 
axes are respectively equal to the direction cosines of OL, we 
express the projection of P on OL as 


Por, = P,coa @, + P,cos 6, + Pycos 8, (3.37) 


where 6,, 6,, and 0: denote the angles that the axis OL forms 
with the coordinate axes. 


3.10 MIXED TRIPLE PRODUCT OF THREE VECTORS 


We define the mixed triple product of the three vectors S$, P, and Q 
as the scalar expression 


S- (Px Q) (3.38) 


obtained by forming the scalar product of § with the vector product 
of P and Q.t 

A simple geometrical interpretation can be given for the 
mixed triple product of S, P, and Q (Fig. 3.24). We first recall 
from Sec. 3.4 that the vector P X Q is perpendicular to the plane 
containing P and Q and that its magnitude is equal to the area of 
the parallelogram which has P and Q for sides. On the other hand, 
Eq. (3.34) indicates that the scalar product of S and P X Q can 
be obtained by multiplying the magnitude of P X Q (i.e., the area 
of the parallelogram defined by P and Q) by the projection of § 
on the vector P X Q (ie., by the projection of § on the normal 
to the plane containing the parallelogram). The mixed triple prod- 
uct is thus equal, in absolute value, to the volume of the parallel- 
epiped having the vectors S, P, and Q for sides (Fig. 3.25). We 
note that the sign of the mixed triple product will be positive if S, 
P, and Q form a right-handed triad and negative if they form a 
left-handed triad [that is, $ - (P X Q) will be negative if the rotation 
which brings P into line with Q is observed as clockwise from the 


} Another kind of triple product will be introduced later (Chap. 15): the vector triple 
product § X (P X Q). 


tip of S]. The mixed triple product will be zero if $, P, and Q are 
coplanar. 

Since the parallelepiped defined in the preceding paragraph is 
independent of the order in which the three vectors are taken, the 
six mixed triple products which can be formed with S, P, and Q will 
all have the same absolute value, although not the same sign. It is 
easily shown that 


S-(P xX Q)=P-(Q x S)=Q-(S x P) 
=—-S*+(Q x P) = —P«(S x Q) = —Q<(P x $) 
(3.39) 


Arranging in a circle and in counterclockwise order the letters rep- 
resenting the three vectors (Fig. 3.26), we observe that the sign of 
the mixed triple product remains unchanged if the vectors are per- 
muted in such a way that they are still read in counterclockwise 
order. Such a permutation is said to be a circular permutation. It 
also follows from Eq. (3.39) and from the commutative property of 
scalar products that the mixed triple product of $, P, and Q can be 
defined equally well as S - (P X Q) or (S x P) - Q. 

The mixed triple product of the vectors $, P, and Q can be 
expressed in terms of the rectangular components of these vectors. 
Denoting P X Q by V and using formula (3.30) to express the scalar 
product of § and V, we write 


S-(P XQ) =S-V=S,V, + S,V, + S.V, 


Substituting from the relations (3.9) for the components of V, we 
obtain 


S-(P x O)= = S,( (Py. — PQ,) yt Sy( (Py 2x — P.O;) 
+ S.(P,Q, — P,Q,) (3.40) 


This expression can be written in a more compact form if we observe 
that it represents the expansion of a determinant: 


css 
S-(P x O)= 2, P,P, (3.41) 
QO: Qy Q: 


By applying the rules governing the permutation of rows in a deter- 
minant, we could easily verify the relations (3.39) which were derived 
earlier from geometrical considerations. 


3.11 MOMENT OF A FORCE ABOUT A GIVEN AXIS 


Now that we have further increased our knowledge of vector alge- 
bra, we can introduce a new concept, the concept of moment of a 
force about an axis. Consider again a force F acting on a rigid body 
and the moment Mo of that force about O (Fig. 3.27). Let OL be 
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an axis through O; we define the moment Mo, of F about OL as the 
projection OC of the moment Mo onto the axis OL. Denoting by A 
the unit vector along OL and recalling from Secs. 3.9 and 3.6, 
respectively, the expressions (3.36) and (3.11) obtained for the pro- 
jection of a vector on a given axis and for the moment Mo of a force 
F, we write 


Mo, =A*Mo=A°(r X F) (3.42) 


which shows that the moment Mo, of F about the axis OL is the 
scalar obtained by forming the mixed triple product of A, r, and F. 
Expressing Mo, in the form of a determinant, we write 


he Neen, 
Mop = |e 4 = (3.43) 
eta 1a 


where Ax, Ay, Az = direction cosines of axis OL 
x, y, % = coordinates of point of application of F 


F,, F,, F, = components of force F 


The physical significance of the moment Mo, of a force F 
about a fixed axis OL becomes more apparent if we resolve F into 
two rectangular components F, and F;, with F, parallel to OL and 
F, lying in a plane P perpendicular to OL (Fig. 3.28). Resolving r 
similarly into two components r, and r2 and substituting for F and r 
into (3.42), we write 


Mor = A* [(r + ¥) X (F, + Fy)] 
=A-(r, X F)) +A’ (ry, X Fy) + As (ym X Fi) + A>: (re Xx F,) 


Noting that all of the mixed triple products except the last one are 
equal to zero, since they involve vectors which are coplanar when 
drawn from a common origin (Sec. 3.10), we have 


Mor = A° (rg X Fs) (3.44) 


The vector product ry X F, is perpendicular to the plane P and 
represents the moment of the component F, of F about the point 
Q where OL intersects P. Therefore, the scalar Mo,, which will 
be positive if ry X F, and OL have the same sense and negative 
otherwise, measures the tendency of F; to make the rigid body 
rotate about the fixed axis OL. Since the other component F, of F 
does not tend to make the body rotate about OL, we conclude that 
the moment Moy, of F about OL measures the tendency of the force 
F to impart to the rigid body a motion of rotation about the fixed 
axis OL. 

It follows from the definition of the moment of a force about 
an axis that the moment of F about a coordinate axis is equal to 
the component of Mo along that axis. Substituting successively each 


of the unit vectors i, j, and k for A in (3.42), we observe that the 
expressions thus obtained for the moments of F about the coordinate 
axes are respectively equal to the expressions obtained in Sec. 3.8 
for the components of the moment Mo of F about O: 


(3.18) 


We observe that just as the components F,, F,, and F, of a force F 
acting on a rigid body measure, respectively, the tendency of F to 
move the rigid body in the x, y, and z directions, the moments M,, 
M,, and M, of F about the coordinate axes measure the tendency of 
F to impart to the rigid body a motion of rotation about the x, y, 
and % axes, respectively. 

More generally, the moment of a force F applied at A about 
an axis which does not pass through the origin is obtained by 
choosing an arbitrary point B on the axis (Fig. 3.29) and determin- 
ing the projection on the axis BL of the moment Mz of F about B. 


We write 


where rag = ra — ¥g represents the vector drawn from B to A. 
Expressing Mz, in the form of a determinant, we have 


(3.45) 


(3.46) 


where ),, Ay, 4; = direction cosines of axis BL 


XA/B — XA ~ XB YarB — YA ~ YB ZA/B — 2A — 2B 
F,, F,, F, = components of force F 


It should be noted that the result obtained is independent of the 
choice of the point B on the given axis. Indeed, denoting by Mc, the 
result obtained with a different point C, we have 


Mcr = A>* [(t4 — Fc) X F] 
= A+ [(r, — rg) X F] + A> [(rg — rc) X F] 


But, since the vectors A and rz — rc lie in the same line, the vol- 
ume of the parallelepiped having the vectors A, rg — rc, and F 
for sides is zero, as is the mixed triple product of these three vec- 
tors (Sec. 3.10). The expression obtained for Mc, thus reduces to 
its first term, which is the expression used earlier to define Mz;. 
In addition, it follows from Sec. 3.6 that, when computing the 
moment of F about the given axis, A can be any point on the line 
of action of F. 
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SAMPLE PROBLEM 3.5 


A cube of side a is acted upon by a force P as shown. Determine the 
moment of P (a) about A, (b) about the edge AB, (c) about the diagonal 
AG of the cube, (d). Using the result of part c, determine the perpendicular 
distance between AG and FC. 


y SOLUTION 
5 if a. Moment about A. Choosing x, y, and z axes as shown, we resolve into 
— 
mca\G rectangular components the force P and the vector rj, = AF drawn from 
| A to the point of application F of P. 
A 
a Ley = ai aj = a(i jp 
G | P = (P/V2)j — (P/V2)k = (P/V2)(j — k) 
a * The moment of P about A is 
E aay: . 5 
Var My, = rr X P = ali — j) X (P/N/2) (5 = k) 
A My, = (aP/V2)(it+j+k) < 


b. Moment about AB. Projecting M, on AB, we write 


Map =i- My =i- (aP/V2)(i+j +k) 
Map = aP/V2 4 


y We verify that, since AB is parallel to the x axis, M43 is also the x component 
of the moment My. 


c. Moment about Diagonal AG. The moment of P about AG is obtained 
by projecting M, on AG. Denoting by A the unit vector along AG, we have 
AG ai- aj — ak 
IE RE 
Mag = A+ My = (1/V38)(i — j — k) - (@P/V2) (i + j +k) 

if Mac = (aP/V6)(1-—1-—1) Myc = —-aP/V6 <4 


Alternative Method. The moment of P about AG can also be expressed 
in the form of a determinant: 


A= =(V3)a—y— bk 


eed VWV3 -V/V3 -1/V3 
Mac = |Xra YR 2Ra| = a —a 0 = —aP/V6 
BR 2, im, 0 PIV2 =P/V/2 


x y 


d. Perpendicular Distance between AG and FC. We first observe that P 
is perpendicular to the diagonal AG. This can be checked by forming the 


Cc 
scalar product P + A and verifying that it is zero: 
A P- A= (P/V2)(j — k) - (1/V3)(i — j — k) = (PV6)(0-— 14+ 1) =0 
g The moment Myc can then be expressed as —Pd, where d is the perpen- 
G dicular distance from AG to FC. (The negative sign is used since the rotation 
F 


imparted to the cube by P appears as clockwise to an observer at G.) Recall- 
ing the value found for Mag in part c, 


et 


Mac = —Pd = —aP/V6 d=a/V6 < 
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SOLVING PROBLEMS 
UN YTOURK OWN 


ik the problems for this lesson you will apply the scalar product or dot product 
of two vectors to determine the angle formed by two given vectors and the 
projection of a force on a given axis. You will also use the mixed triple product of 
three vectors to find the moment of a force about a given axis and the perpendicu- 
lar distance between two lines. 


1. Calculating the angle formed by two given vectors. First express the vectors 
in terms of their components and determine the magnitudes of the two vectors. 
The cosine of the desired angle is then obtained by dividing the scalar product of 
the two vectors by the product of their magnitudes [Eq. (3.32)]. 


2. Computing the projection of a vector P on a given axis OL. In general, 
begin by expressing P and the unit vector A, that defines the direction of the axis, 
in component form. Take care that A has the correct sense (that is, A is directed 
from O to L). The required projection is then equal to the scalar product P + A. 
However, if you know the angle @ formed by P and A, the projection is also given 
by P cos 6. 


3. Determining the moment Mo, of a force about a given axis OL. We defined 
Mor as 


Moz =A: Mo =Xr- (r x F) (3.42) 


where A is the unit vector along OL and r is a position vector from any point on 
the line OL to any point on the line of action of F. As was the case for the moment 
of a force about a point, choosing the most convenient position vector will simplify 
your calculations. Also, recall the warning of the previous lesson: the vectors r and F 
must have the correct sense, and they must be placed in the proper order. The 
procedure you should follow when computing the moment of a force about an axis 
is illustrated in part c of Sample Prob. 3.5. The two essential steps in this proce- 
dure are to first express A, r, and F in terms of their rectangular components and 
to then evaluate the mixed triple product A + (r X F) to determine the moment 
about the axis. In most three-dimensional problems the most convenient way to 
compute the mixed triple product is by using a determinant. 


As noted in the text, when A is directed along one of the coordinate axes, Moy, is 
equal to the scalar component of Mo along that axis. 


(continued) 
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4. Determining the perpendicular distance between two lines. You should 
remember that it is the perpendicular component F, of the force F that tends to 
make a body rotate about a given axis OL (Fig. 3.28). It then follows that 


Mor = Fd 


where Mo, is the moment of F about axis OL and d is the perpendicular distance 
between OL and the line of action of F. This last equation gives us a simple tech- 
nique for determining d. First assume that a force F of known magnitude F lies 
along one of the given lines and that the unit vector A lies along the other line. 
Next compute the moment Mo, of the force F about the second line using the 
method discussed above. The magnitude of the parallel component, F}, of F is 
obtained using the scalar product: 


Fy =F: A 
The value of Fs is then determined from 


Finally, substitute the values of Mo;, and F; into the equation Mo;, = Fd and solve 


for d. 


You should now realize that the calculation of the perpendicular distance in part d 
of Sample Prob. 3.5 was simplified by P being perpendicular to the diagonal AG. 
In general, the two given lines will not be perpendicular, so that the technique 
just outlined will have to be used when determining the perpendicular distance 
between them. 


PROBLEMS 


3.35 Given the vectors P = 3i — j + 2k, Q = 4i + 5j — 3k, and y 6 
S = —2i + 3j — k, compute the scalar products P - Q, P : §S, 
and Q - S. 
a B 
3.36 Form the scalar products B + C and B’ - C, where B = B’, and 
use the results obtained to prove the identity B 
cos a cos B = +cos (a + B) + $ cos (a@ — B). B x 
B’ 


3.37 Section AB of a pipeline lies in the yz plane and forms an angle 
of 37° with the < axis. Branch lines CD and EF join AB as shown. _ Fig. P3.36 
Determine the angle formed by pipes AB and CD. 


3.38 Section AB of a pipeline lies in the yz plane and forms an angle 
of 37° with the < axis. Branch lines CD and EF join AB as shown. 
Determine the angle formed by pipes AB and EF. 


3.39 Consider the volleyball net shown. Determine the angle formed by 
guy wires AB and AC. 


Fig. P3.37 and P3.38 


y 


Fig. P3.39 and P3.40 


3.40 Consider the volleyball net shown. Determine the angle formed by 
guy wires AC and AD. 


3.41 Knowing that the tension in cable AC is 1260 N, determine (a) the 
angle between cable AC and the boom AB, (b) the projection on 
AB of the force exerted by cable AC at point A. 


Ss 
angle between cable AD and the boom AB, (b) the projection on  * ™ 
AB of the force exerted by cable AD at point A. Fig. P3.41 and P3.42 


3.42 Knowing that the tension in cable AD is 405 N, determine (a) the 
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Fig. P3.43 and P3.44 


3.43 


3.44 


3.45 


3.46 


3.47 


3.48 


Slider P can move along rod OA. An elastic cord PC is attached 
to the slider and to the vertical member BC. Knowing that the 
distance from O to P is 6 in. and that the tension in the cord is 
3 lb, determine (a) the angle between the elastic cord and the rod 
OA, (b) the projection on OA of the force exerted by cord PC at 
point P. 


Slider P can move along rod OA. An elastic cord PC is attached to 
the slider and to the vertical member BC. Determine the distance 
from O to P for which cord PC and rod OA are perpendicular. 


Determine the volume of the parallelepiped of Fig. 3.25 when 
(@ P = 4i — 3] + 2k, Q = -2i — 57 + k, and S = Ti + 
j—k @ P =5i—j + 6k, Q = 21+ 3) +k, and = —3i — 
2j + 4k. 


Given the vectors P = 4i — 2j + 3k, Q = 2i + 4j — 5k, and 
S = S,i — j + 2k, determine the value of S, for which the three 
vectors are coplanar. 


The 0.61 X 1.00-m lid ABCD of a storage bin is hinged along side 
AB and is held open by looping cord DEC over a frictionless hook 
at E. If the tension in the cord is 66 N, determine the moment 
about each of the coordinate axes of the force exerted by the cord 
at D. 


Fig. P3.47 and P3.48 


The 0.61 X 1.00-m lid ABCD of a storage bin is hinged along side 
AB and is held open by looping cord DEC over a frictionless hook 
at E. If the tension in the cord is 66 N, determine the moment 
about each of the coordinate axes of the force exerted by the cord 
at C. 


3.49 


3.50 


3.51 


3.52 


3.53 


To lift a heavy crate, a man uses a block and tackle attached to the 
bottom of an I-beam at hook B. Knowing that the moments about 
the y and the z axes of the force exerted at B by portion AB of 
the rope are, respectively, 120 N - m and —460 N - m, determine 
the distance a. 


To lift a heavy crate, a man uses a block and tackle attached to 
the bottom of an I-beam at hook B. Knowing that the man applies 
a 195-N force to end A of the rope and that the moment of that 
force about the y axis is 132 N + m, determine the distance a. 


A small boat hangs from two davits, one of which is shown in 
the figure. It is known that the moment about the z axis of the 
resultant force Ry exerted on the davit at A must not exceed 
279 lb - ft in absolute value. Determine the largest allowable ten- 
sion in line ABAD when x = 6 ft. 


For the davit of Prob. 3.51, determine the largest allowable dis- 
tance x when the tension in line ABAD is 60 lb. 


To loosen a frozen valve, a force F of magnitude 70 lb is applied to 
the handle of the valve. Knowing that 6 = 25°, M, = —61 lb = ft, 
and M, = —43 lb - ft, determine ¢ and d. 


a 


Fig. P3.53 and P3.54 


3.54 When a force F is applied to the handle of the valve shown, its 


moments about the x and z axes are, respectively, M, = —77 lb = ft 
and M, = —81 lb : ft. For d = 27 in., determine the moment M, 
of F about the y axis. 


Fig. P3.51 


Problems 
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106 Rigid Bodies: Equivalent Systems of Forces 3.55 The frame ACD is hinged at A and D and is supported by a 

cable that passes through a ring at B and is attached to hooks at 
y G and H. Knowing that the tension in the cable is 450 N, deter- 
mine the moment about the diagonal AD of the force exerted on 
the frame by portion BH of the cable. 


3.56 In Prob. 3.55, determine the moment about the diagonal AD of 

0.875 m the force exerted on the frame by portion BG of the cable. 

3.57 The triangular plate ABC is supported by ball-and-socket joints 
at B and D and is held in the position shown by cables AE and 
CF. If the force exerted by cable AE at A is 55 N, determine the 
moment of that force about the line joining points D and B. 


Fig. P3.55 


Fig. P3.57 and P3.58 


3.58 The triangular plate ABC is supported by ball-and-socket joints 
at B and D and is held in the position shown by cables AE and 
CF. If the force exerted by cable CF at C is 33 N, determine the 
moment of that force about the line joining points D and B. 


3.59 A regular tetrahedron has six edges of length a. A force P is 
directed as shown along edge BC. Determine the moment of P 
about edge OA. 


B iP 
Fig. P3.59 and P3.60 


3.60 A regular tetrahedron has six edges of length a. (a) Show that two 
opposite edges, such as OA and BC, are perpendicular to each other. 
(b) Use this property and the result obtained in Prob. 3.59 to deter- 
mine the perpendicular distance between edges OA and BC. 


3.61 


A sign erected on uneven ground is guyed by cables EF and EG. If 
the force exerted by cable EF at E is 46 Ib, determine the moment 
of that force about the line joining points A and D. 


y 


PS 45 in. 


Fig. P3.61 and P3.62 


3.62 


3.63 


*3.64 


*3.65 


*3.66 


*3.67 


*3.68 


*3.69 


A sign erected on uneven ground is guyed by cables EF and EG. If 
the force exerted by cable EG at E is 54 lb, determine the moment 
of that force about the line joining points A and D. 


Two forces F, and F, in space have the same magnitude F. Prove 
that the moment of F, about the line of action of F, is equal to 
the moment of F, about the line of action of F,. 


In Prob. 3.55, determine the perpendicular distance between por- 
tion BH of the cable and the diagonal AD. 


In Prob. 3.56, determine the perpendicular distance between por- 
tion BG of the cable and the diagonal AD. 


In Prob. 3.57, determine the perpendicular distance between 
cable AE and the line joining points D and B. 


In Prob. 3.58, determine the perpendicular distance between 
cable CF and the line joining points D and B. 


In Prob. 3.61, determine the perpendicular distance between 
cable EF and the line joining points A and D. 


In Prob. 3.62, determine the perpendicular distance between 
cable EG and the line joining points A and D. 


Problems 
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Fig. 3.32 


Photo 3.1 The parallel upward and downward 
forces of equal magnitude exerted on the arms of 
the lug nut wrench are an example of a couple. 


3.12 MOMENT OF A COUPLE 


Two forces F and —F having the same magnitude, parallel lines of 
action, and opposite sense are said to form a couple (Fig. 3.30). 
Clearly, the sum of the components of the two forces in any direction 
is zero. The sum of the moments of the two forces about a given 
point, however, is not zero. While the two forces will not translate 
the body on which they act, they will tend to make it rotate. 

Denoting by r, and rg, respectively, the position vectors of the 
points of application of F and —F (Fig. 3.31), we find that the sum 
of the moments of the two forces about O is 


r,s X F + rp X (—F) = (ry — rg) X F 


Setting ry — rg = r, where r is the vector joining the points of 
application of the two forces, we conclude that the sum of the 
moments of F and —F about O is represented by the vector 


M=rxF (3.47) 


The vector M is called the moment of the couple; it is a vector 
perpendicular to the plane containing the two forces, and its mag- 
nitude is 


M = fF sin 0 = Fd (3.48) 


where d is the perpendicular distance between the lines of action of 
F and —F. The sense of M is defined by the right-hand rule. 

Since the vector r in (3.47) is independent of the choice of the 
origin O of the coordinate axes, we note that the same result would 
have been obtained if the moments of F and —F had been computed 
about a different point O’. Thus, the moment M of a couple is a free 
vector (Sec. 2.3) which can be applied at any point (Fig. 3.32). 

From the definition of the moment of a couple, it also follows 
that two couples, one consisting of the forces F; and —F), the other 
of the forces F,; and —F, (Fig. 3.33), will have equal moments if 


Fd, — Fyds (3.49) 


and if the two couples lie in parallel planes (or in the same plane) 
and have the same sense. 


3.13 EQUIVALENT COUPLES 3.13 Equivalent Couples 1QQ 


Figure 3.34 shows three couples which act successively on the same 
rectangular box. As seen in the preceding section, the only motion a 
couple can impart to a rigid body is a rotation. Since each of the 
three couples shown has the same moment M (same direction and 
same magnitude M = 120 lb - in.), we can expect the three couples 
to have the same effect on the box. 
y y y 


30 Ib 


ye 30 Ib 


Fig. 3.34 (a) (b) (c) 


As reasonable as this conclusion appears, we should not accept 
it hastily. While intuitive feeling is of great help in the study of mechan- 
ics, it should not be accepted as a substitute for logical reasoning. 
Before stating that two systems (or groups) of forces have the same 
effect on a rigid body, we should prove that fact on the basis of the 
experimental evidence introduced so far. This evidence consists of 
the parallelogram law for the addition of two forces (Sec. 2.2) and 
the principle of transmissibility (Sec. 3.3). Therefore, we will state 
that two systems of forces are equivalent (i.e., they have the same 
effect on a rigid body) if we can transform one of them into the other 
by means of one or several of the following operations: (1) replacing 
two forces acting on the same particle by their resultant; (2) resolving 
a force into two components; (3) canceling two equal and opposite 
forces acting on the same particle; (4) attaching to the same particle 
two equal and opposite forces; (5) moving a force along its line of 
action. Each of these operations is easily justified on the basis of the 
parallelogram law or the principle of transmissibility. 

Let us now prove that two couples having the same moment M 
are equivalent. First consider two couples contained in the same 
plane, and assume that this plane coincides with the plane of the 
figure (Fig. 3.35). The first couple consists of the forces F, and —F, 
of magnitude F), which are located at a distance d, from each other 
(Fig. 3.35a), and the second couple consists of the forces F; and —F, 
of magnitude F3, which are located at a distance d, from each other 
(Fig. 3.35d). Since the two couples have the same moment M, which 
is perpendicular to the plane of the figure, they must have the same 
sense (assumed here to be counterclockwise), and the relation 


Fd, = Fody (3.49) 
must be satisfied. To prove that they are equivalent, we shall show 


that the first couple can be transformed into the second by means 
of the operations listed above. 
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ca 
= 
Ee P, 
a 7 
(d) 
Fig. 3.36 


(b) (c) (d) 


Denoting by A, B, C, and D the points of intersection of the 
lines of action of the two couples, we first slide the forces F; and —F, 
until they are attached, respectively, at A and B, as shown in Fig. 3.35b. 
The force F, is then resolved into a component P along line AB and 
a component Q along AC (Fig. 3.35c); similarly, the force —F, is 
resolved into —P along AB and —Q along BD. The forces P and —P 
have the same magnitude, the same line of action, and opposite sense; 
they can be moved along their common line of action until they are 
applied at the same point and may then be canceled. Thus the couple 
formed by F, and —F, reduces to a couple consisting of Q and —Q. 

We will now show that the forces Q and —Q are respectively 
equal to the forces —F, and F;. The moment of the couple formed 
by Q and —Q can be obtained by computing the moment of Q about 
B; similarly, the moment of the couple formed by F, and —F, is the 
moment of F, about B. But, by Varignon’s theorem, the moment of 
F, is equal to the sum of the moments of its components P and Q. 
Since the moment of P about B is zero, the moment of the couple 
formed by Q and —Q must be equal to the moment of the couple 
formed by F, and —F,. Recalling (3.49), we write 


Ods = Fid, = F5ds and QO — Fs 


Thus the forces Q and —Q are respectively equal to the forces —F, 
and F5, and the couple of Fig. 3.35a is equivalent to the couple of 
Fig, 3.35d. 

Next consider two couples contained in parallel planes P, and 
P5; we will prove that they are equivalent if they have the same 
moment. In view of the foregoing, we can assume that the couples 
consist of forces of the same magnitude F acting along parallel lines 
(Fig. 3.36a and d). We propose to show that the couple contained 
in plane P, can be transformed into the couple contained in plane 
P, by means of the standard operations listed above. 

Let us consider the two planes defined respectively by the lines of 
action of F,; and —F; and by those of —F, and F, (Fig. 3.36b). At 
a point on their line of intersection we attach two forces F3; and —F3, 
respectively equal to F, and —F,. The couple formed by F, and —F; 
can be replaced by a couple consisting of F; and —F, (Fig. 3.36c), 
since both couples clearly have the same moment and are contained 
in the same plane. Similarly, the couple formed by —F, and F; can 
be replaced by a couple consisting of —F3 and F,. Canceling the two 
equal and opposite forces F; and —F3, we obtain the desired couple 
in plane P, (Fig. 3.36d). Thus, we conclude that two couples having 


the same moment M are equivalent, whether they are contained in 
the same plane or in parallel planes. 

The property we have just established is very important for the 
correct understanding of the mechanics of rigid bodies. It indicates 
that when a couple acts on a rigid body, it does not matter where 
the two forces forming the couple act or what magnitude and direc- 
tion they have. The only thing which counts is the moment of the 
couple (magnitude and direction). Couples with the same moment 
will have the same effect on the rigid body. 


3.14 ADDITION OF COUPLES 


Consider two intersecting planes P, and P, and two couples acting 
respectively in P; and P:. We can, without any loss of generality, 
assume that the couple in P, consists of two forces F, and —F, per- 
pendicular to the line of intersection of the two planes and acting 
respectively at A and B (Fig. 3.37a). Similarly, we assume that the 
couple in P; consists of two forces F,; and —F, perpendicular to AB 
and acting respectively at A and B. It is clear that the resultant R of 
F, and F, and the resultant —R of —F, and —F, form a couple. 
Denoting by r the vector joining B to A and recalling the definition 
of the moment of a couple (Sec. 3.12), we express the moment M 
of the resulting couple as follows: 


M=rxXR=r&X (F, + F,) 
and, by Varignon’s theorem, 
M =rxX F, +rxX F, 


But the first term in the expression obtained represents the moment 
Mj of the couple in P,, and the second term represents the moment 
Mz of the couple in P;. We have 


M = M, ae M, (3.50) 


and we conclude that the sum of two couples of moments M, and 
Mz is a couple of moment M equal to the vector sum of M, and My 
(Fig. 3.37b). 


3.15 COUPLES CAN BE REPRESENTED BY VECTORS 


As we saw in Sec. 3.13, couples which have the same moment, 
whether they act in the same plane or in parallel planes, are equiva- 
lent. There is therefore no need to draw the actual forces forming a 
given couple in order to define its effect on a rigid body (Fig. 3.38a). 
It is sufficient to draw an arrow equal in magnitude and direction to 
the moment M of the couple (Fig. 3.38b). On the other hand, we 
saw in Sec. 3.14 that the sum of two couples is itself a couple and 
that the moment M of the resultant couple can be obtained by form- 
ing the vector sum of the moments M, and Mg of the given couples. 
Thus, couples obey the law of addition of vectors, and the arrow used 
in Fig. 3.38b to represent the couple defined in Fig. 3.38a can truly 
be considered a vector. 


3.15 Couples Can Be Represented by Vectors 


Fig. 3.37 
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Fig. 3.38 


The vector representing a couple is called a couple vector. Note 
that, in Fig. 3.38, a red arrow is used to distinguish the couple vector, 
which represents the couple itself, from the moment of the couple, 
which was represented by a green arrow in earlier figures. Also note 
that the symbol ‘\ is added to this red arrow to avoid any confusion 
with vectors representing forces. A couple vector, like the moment 
of a couple, is a free vector. Its point of application, therefore, can 
be chosen at the origin of the system of coordinates, if so desired 
(Fig. 3.38). Furthermore, the couple vector M can be resolved into 
component vectors M,, M,, and M., which are directed along the 
coordinate axes (Fig. 3.38d). These component vectors represent cou- 
ples acting, respectively, in the yz, zx, and xy planes. 


3.16 RESOLUTION OF A GIVEN FORCE INTO A 
FORCE AT O AND A COUPLE 


Consider a force F acting on a rigid body at a point A defined by 
the position vector r (Fig. 3.39a). Suppose that for some reason we 
would rather have the force act at point O. While we can move F 
along its line of action (principle of transmissibility), we cannot move 
it to a point O which does not lie on the original line of action with- 
out modifying the action of F on the rigid body. 


Fig. 3.39 


We can, however, attach two forces at point O, one equal to F 
and the other equal to —F, without modifying the action of the orig- 
inal force on the rigid body (Fig. 3.39). As a result of this transforma- 
tion, a force F is now applied at O; the other two forces form a 
couple of moment Mo = r X F. Thus, any force F acting on a rigid 
body can be moved to an arbitrary point O provided that a couple 
is added whose moment is equal to the moment of F about O. The 


couple tends to impart to the rigid body the same rotational motion 
about O that the force F tended to produce before it was transferred 
to O. The couple is represented by a couple vector Mo perpendicular 
to the plane containing r and F. Since Mo is a free vector, it may 
be applied anywhere; for convenience, however, the couple vector is 
usually attached at O, together with F, and the combination obtained 
is referred to as a force-couple system (Fig. 3.39c). 

If the force F had been moved from A to a different point O' 
(Fig. 3.40a and c), the moment Mo = r’ X F of F about O’ should 
have been computed, and a new force-couple system, consisting of 
F and of the couple vector Mo, would have been attached at O’. 
The relation existing between the moments of F about O and O' is 
obtained by writing 


Mo =r’ XF=(r+s)XF=rxFt+sxXF 
Mo =Mo+s XF (3.51) 


where s is the vector joining O’ to O. Thus, the moment Mo, of F 
about O’ is obtained by adding to the moment Mo of F about O the 
vector product s X F representing the moment about O’ of the force 


F applied at O. 


This result could also have been established by observing that, 
in order to transfer to O' the force-couple system attached at O 
(Fig. 3.40b and c), the couple vector Mo can be freely moved to O'; 
to move the force F from O to O', however, it is necessary to add 
to F a couple vector whose moment is equal to the moment about 
O' of the force F applied at O. Thus, the couple vector Mo must 
be the sum of Mo and the vector s X F. 

As noted above, the force-couple system obtained by transferring 
a force F from a point A to a point O consists of F anda couple vector 
Mo perpendicular to F. Conversely, any force-couple system consisting 
of a force F and a couple vector Mo which are mutually perpendicular 
can be replaced by a single equivalent force. This is done by moving 
the force F in the plane perpendicular to Mo until its moment about 
O is equal to the moment of the couple to be eliminated. 


3.16 Resolution of a Given Force into a ] 13 
Force at O and a Couple 


Photo 3.2 The force exerted by each hand on 
the wrench could be replaced with an equivalent 
force-couple system acting on the nut. 


SAMPLE PROBLEM 3.6 


Determine the components of the single couple equivalent to the two 
12 in. couples shown. 


SOLUTION 


Our computations will be simplified if we attach two equal and opposite 
20-lb forces at A. This enables us to replace the original 20-lb-force couple 
by two new 20-Ib-force couples, one of which lies in the zx plane and the 
other in a plane parallel to the xy plane. The three couples shown in the 
* adjoining sketch can be represented by three couple vectors M,, M,, and 
M. directed along the coordinate axes. The corresponding moments are 


M, = —(80 Ib)(18 in.) = —540 Ib - in. 


A = OO oan = Pe40 lb ow 
M. = +(20 lb)(9 in.) = +180 lb - in. 


These three moments represent the components of the single couple M 


M, = + (240 Ibsin.) j { equivalent to the two given couples. We write 
a BD) 
M, == 640 Ibrin.)i 
te SS 
>) M = —(540 lb - in.)i + (240 lb - in.)j + (180 Ib- ink <4 


ee M. = + (180 bein.) k 
a 


Alternative Solution. The components of the equivalent single couple M 
can also be obtained by computing the sum of the moments of the four 
given forces about an arbitrary point. Selecting point D, we write 


M = Mp = (18 in.)j x (—30 Ib)k + [(9 in.)j — (12 in.)k] x (—20 Ib)i 


and, after computing the various cross products, 


M = —(540 lb - in.)i + (240 lb - in.)j + (180 Ib- ink <4 


SAMPLE PROBLEM 3.7 


Replace the couple and force shown by an equivalent single force applied 
to the lever. Determine the distance from the shaft to the point of applica- 
tion of this equivalent force. 


150 mm 


SOLUTION 


First the given force and couple are replaced by an equivalent force-couple 
system at O. We move the force F = —(400 N)j to O and at the same time 
add a couple of moment Mo equal to the moment about O of the force in 
its original position. 

— (60 Nem) k an 
(400 N)j Mo = OB X F 


F=-(400N)j 


— (24 Nem)k 


150 mm 


[(0.150m)i + (0.260m)j] x (—400N)j 
= —(60N: m)k 


This couple is added to the couple of moment —(24 N - m)k formed by the 

two 200-N forces, and a couple of moment —(84 N - m)k is obtained. This 

last couple can be eliminated by applying F at a point C chosen in such a 
G way that 


—(84N-m)k = OC X F 
— (400 N)j = [(OC) cos 60° + (OC) sin 60°j] x (—400N)j 
60° —(OC)cos 60°(400N )k 


We conclude that 


(OC) cos 60° = 0.210 m = 210 mm OC = 420mm <4 


Alternative Solution. Since the effect of a couple does not depend on its 
location, the couple of moment —(24 N - m)k can be moved to B; we thus 
obtain a force-couple system at B. The couple can now be eliminated by 
applying F at a point C chosen in such a way that 


— (24 Nem)k 
ee) =(94N-m)k=BC x F 


— (BC) cos 60°(400N )k 


We conclude that 


(BC) cos 60° = 0.060 m = 60 mm BE = 120 mmi 

F OC = OB + BC = 300 mm + 120 mm OC = 420mm 4 
— (400 N)j 

60° 
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SULVING PROBLEMS 
JN YOURK OWN 


ik this lesson we discussed the properties of couples. To solve the problems 
which follow, you will need to remember that the net effect of a couple is to 
produce a moment M. Since this moment is independent of the point about which 
it is computed, M is a free vector and thus remains unchanged as it is moved from 
point to point. Also, two couples are equivalent (that is, they have the same effect 
on a given rigid body) if they produce the same moment. 


When determining the moment of a couple, all previous techniques for computing 
moments apply. Also, since the moment of a couple is a free vector, it should be 
computed relative to the most convenient point. 


Because the only effect of a couple is to produce a moment, it is possible to rep- 
resent a couple with a vector, the couple vector, which is equal to the moment of 
the couple. The couple vector is a free vector and will be represented by a special 
symbol, %, to distinguish it from force vectors. 


In solving the problems in this lesson, you will be called upon to perform the fol- 
lowing operations: 


1. Adding two or more couples. This results in a new couple, the moment of 
which is obtained by adding vectorially the moments of the given couples [Sample 
Prob. 3.6]. 


2. Replacing a force with an equivalent force-couple system at a specified 
point. As explained in Sec. 3.16, the force of the force-couple system is equal to 
the original force, while the required couple vector is equal to the moment of the 
original force about the given point. In addition, it is important to observe that 
the force and the couple vector are perpendicular to each other. Conversely, it 
follows that a force-couple system can be reduced to a single force only if the 
force and couple vector are mutually perpendicular (see the next paragraph). 


3. Replacing a force-couple system (with F perpendicular to M) with a single 
equivalent force. Note that the requirement that F and M be mutually perpen- 
dicular will be satisfied in all two-dimensional problems. The single equivalent 
force is equal to F and is applied in such a way that its moment about the original 
point of application is equal to M [Sample Prob. 3.7]. 


PROBLEMS 


3.70 Two parallel 60-N forces are applied to a lever as shown. Deter- 


3.71 


3.72 


mine the moment of the couple formed by the two forces (a) by 
resolving each force into horizontal and vertical components and 
adding the moments of the two resulting couples, (b) by using the 
perpendicular distance between the two forces, (c) by summing the 
moments of the two forces about point A. 


Fig. P3.70 


A plate in the shape of a parallelogram is acted upon by two cou- 
ples. Determine (a) the moment of the couple formed by the two 
21-lb forces, (b) the perpendicular distance between the 12-lb forces 
if the resultant of the two couples is zero, (c) the value of a if the 
resultant couple is 72 Ib - in. clockwise and d is 42 in. 


A couple M of magnitude 18 N - m is applied to the handle of 
a screwdriver to tighten a screw into a block of wood. Deter- 
mine the magnitudes of the two smallest horizontal forces that 
are equivalent to M if they are applied (a) at corners A and D, 
(b) at corners B and C, (c) anywhere on the block. 


D 21 |b Cc 
clas g 12|b 16in. 
A 
21 Ib if 
x d 
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y 


8lb-ft pl) 


AN 


= 6 lb-ft 
Fig. P3.75 


Fig. P3.76 and P3.79 


3.73 


3.74 


3.75 


3.76 


3.78 


Four 1-in.-diameter pegs are attached to a board as shown. Two 
strings are passed around the pegs and pulled with the forces 
indicated. (a) Determine the resultant couple acting on the board. 
(b) If only one string is used, around which pegs should it pass and 
in what directions should it be pulled to create the same couple 
with the minimum tension in the string? (c) What is the value of 
that minimum tension? 


Fig. P3.73 and P3.74 


Four pegs of the same diameter are attached to a board as 
shown. Two strings are passed around the pegs and pulled with 
the forces indicated. Determine the diameter of the pegs know- 
ing that the resultant couple applied to the board is 485 Ib - in. 
counterclockwise. 


The shafts of an angle drive are acted upon by the two couples 
shown. Replace the two couples with a single equivalent couple, 
specifying its magnitude and the direction of its axis. 


and 3.77 If P = 0, replace the two remaining couples with a 
single equivalent couple, specifying its magnitude and the direc- 
tion of its axis. 


Fig. P3.77 and P3.78 


If P = 20 |b, replace the three couples with a single equivalent 
couple, specifying its magnitude and the direction of its axis. 


3.79 If P = 20 N, replace the three couples with a single equivalent 


couple, specifying its magnitude and the direction of its axis. 


3.80 Shafts A and B connect the gear box to the wheel assemblies of Problems 1 1Q 
a tractor, and shaft C connects it to the engine. Shafts A and B 
lie in the vertical yz plane, while shaft C is directed along the 
x axis. Replace the couples applied to the shafts with a single 
equivalent couple, specifying its magnitude and the direction of 
its axis. 


3.81 The tension in the cable attached to the end C of an adjustable 


boom ABC is 560 Ib. Replace the force exerted by the cable at C (YY : 
with an equivalent force-couple system (a) at A, (b) at B. 


z 15 1600 Nem 


Fig. P3.80 
iP 
A 60° 
t 
1.5 ft 
ye 
B C 1.25 ft 
3.82 A 160-lb force P is applied at point A of a structural member. ° ° i 
Replace P with (a) an equivalent force-couple system at C, (b) an [. oft le Aft _| 
equivalent system consisting of a vertical force at B and a second 
force at D. Fig. P3.82 


3.83 The 80-N horizontal force P acts on a bell crank as shown. 
(a) Replace P with an equivalent force-couple system at B. (b) Find 
the two vertical forces at C and D that are equivalent to the couple 
found in part a. 


100 mm | 40 _ 


3.84 A dirigible is tethered by a cable attached to its cabin at B. If the 
tension in the cable is 1040 N, replace the force exerted by the 
cable at B with an equivalent system formed by two parallel forces 
applied at A and C. Fig. P3.84 


Fig. P3.83 
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3.86 
3.87 


3.88 


RB 490mm 
600 N 


z x Kio mm 


Fig. P3.87 


3.89 


3.90 


Fig. P3.89 


The force P has a magnitude of 250 N and is applied at the end C 
of a 500-mm rod AC attached to a bracket at A and B. Assuming 
a = 30° and B = 60°, replace P with (a) an equivalent force-couple 
system at B, (b) an equivalent system formed by two parallel forces 
applied at A and B. 


Solve Prob. 3.85, assuming a = B = 25°. 


A force and a couple are applied as shown to the end of a canti- 
lever beam. (a) Replace this system with a single force F applied 
at point C, and determine the distance d from C to a line drawn 
through points D and E. (b) Solve part a if the directions of the 
two 360-N forces are reversed. 


The shearing forces exerted on the cross section of a steel channel 
can be represented by a 900-N vertical force and two 250-N hori- 
zontal forces as shown. Replace this force and couple with a single 
force F applied at point C, and determine the distance x from C to 
line BD. (Point C is defined as the shear center of the section.) 


\<—120 mm “Tt x >| 
B 


=a 
250 N 


i 


——= 
250 N 


E 
Fig. P3.88 


D 


While tapping a hole, a machinist applies the horizontal forces 
shown to the handle of the tap wrench. Show that these forces 
are equivalent to a single force, and specify, if possible, the point 
of application of the single force on the handle. 


Three control rods attached to a lever ABC exert on it the forces 
shown. (a) Replace the three forces with an equivalent force-couple 
system at B. (b) Determine the single force that is equivalent to 
the force-couple system obtained in part a, and specify its point of 
application on the lever. 


Fig. P3.90 


3.91 


3.92 


3.93 


3.94 


A hexagonal plate is acted upon by the force P and the couple 
shown. Determine the magnitude and the direction of the smallest 
force P for which this system can be replaced with a single force 
at E. 


A rectangular plate is acted upon by the force and couple shown. 
This system is to be replaced with a single equivalent force. (a) For 
a = 40°, specify the magnitude and the line of action of the 
equivalent force. (b) Specify the value of a if the line of action of 
the equivalent force is to intersect line CD 300 mm to the right 
of D. 


a 
WA 48 N 
15N 
A 
| B 
240 
i OA ISN 
; C 
|~ 400 mm 


Fig. P3.92 


An eccentric, compressive 1220-N force P is applied to the end 
of a cantilever beam. Replace P with an equivalent force-couple 
system at G. 


To keep a door closed, a wooden stick is wedged between the floor 
and the doorknob. The stick exerts at B a 175-N force directed 
along line AB. Replace that force with an equivalent force-couple 
system at C. 


y 


[0 mm 


100 mm 


& 


Fig. P3.94 


300 N 
F 


Fig. P3.91 


Fig. P3.93 


are 


E 


Problems 
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122 Rigid Bodies: Equivalent Systems of Forces 3.95 An antenna is guyed by three cables as shown. Knowing that the 
tension in cable AB is 288 lb, replace the force exerted at A by 
cable AB with an equivalent force-couple system at the center O 
of the base of the antenna. 


Fig. P3.95 and P3.96 


3.96 An antenna is guyed by three cables as shown. Knowing that the 
tension in cable AD is 270 lb, replace the force exerted at A by 
cable AD with an equivalent force-couple system at the center O 
of the base of the antenna. 


3.97 Replace the 150-N force with an equivalent force-couple system at A. 


3.98 A 77-N force F, and a 31-N - m couple Mj are applied to corner E 
of the bent plate shown. If F, and Mj are to be replaced with 
an equivalent force-couple system (F;, Mz) at corner B and if 
(Mz). = 0, determine (a) the distance d, (b) Fy and Mb. 


20 mm 


Fig. P3.97 


Fig. P3.98 


3.99 A 46-lb force F and a 2120-lb - in. couple M are applied to corner 


na 


A of the block shown. Replace the given force-couple system with 
an equivalent force-couple system at corner H. 


Fig. P3.99 


3.100 The handpiece for a miniature industrial grinder weighs 0.6 |b, 


3.17 


and its center of gravity is located on the y axis. The head of the 
handpiece is offset in the xz plane in such a way that line BC 
forms an angle of 25° with the x direction. Show that the weight 
of the handpiece and the two couples M; and Mg can be replaced 
with a single equivalent force. Further, assuming that M, = 0.68 
Ib - in. and My, = 0.65 lb - in., determine (a) the magnitude and 
the direction of the equivalent force, (b) the point where its line 
of action intersects the xz plane. 


REDUCTION OF A SYSTEM OF FORCES TO ONE 
FORCE AND ONE COUPLE 


Consider a system of forces F), F5, F3, .. . , acting on a rigid body at 
the points Aj, As, A3, .. . , defined by the position vectors 1), To, T3, 
etc. (Fig. 3.41a). As seen in the preceding section, F; can be moved 
from A, to a given point O if a couple of moment Mj, equal to the 
moment r; X F, of F, about O is added to the original system of 
forces. Repeating this procedure with F), F3, ... , we obtain the 


3.17 Reduction of a System of Forces to 
One Force and One Couple 


Fig. P3.100 
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Fig. 3.42 


system shown in Fig. 3.41b, which consists of the original forces, now 
acting at O, and the added couple vectors. Since the forces are now 
concurrent, they can be added vectorially and replaced by their 
resultant R. Similarly, the couple vectors M;, Ms, Ms, ... , can be 
added vectorially and replaced by a single couple vector ME, Any 
system of forces, however complex, can thus be reduced to an equiv- 
alent force-couple system acting at a given point O (Fig. 3.41c). We 
should note that while each of the couple vectors My, Ms, Ms, .. ., 
in Fig. 3.41b is perpendicular to its corresponding force, the resul- 
tant force R and the resultant couple vector M@ in Fig. 3.41c will 
not, in general, be perpendicular to each other. 

The equivalent force-couple system is defined by the equations 


R=SF Mé = 5M) = Xr x F) (3.52) 


which express that the force R is obtained by adding all the forces 
of the system, while the moment of the resultant couple vector M6, 
called the moment resultant of the system, is obtained by adding the 
moments about O of all the forces of the system. 

Once a given system of forces has been reduced to a force and 
a couple at a point O, it can easily be reduced to a force and a couple 
at another point O'. While the resultant force R will remain 
unchanged, the new moment resultant Mé, will be equal to the 
sum of Mé and the moment about O’ of the force R attached at O 
(Fig. 3.42). We have 


Me2,=Me4+5xR (3.53) 


In practice, the reduction of a given system of forces to a single 
force R at O and a couple vector M6 will be carried out in terms of 
components. Resolving each position vector r and each force F of 
the system into rectangular components, we write 


r=xi + yj + 2k (3.54) 
F = Fit F,j+ Fk (3.55) 


Substituting for r and F in (3: 52) and factoring out the unit vectors 
i, j, k, we obtain R and M@ in the form 


R=Ri+ Rj + Rk M6 = Mii + Myj + Mik (3.56) 


The components R,, R,, R, represent, respectively, the sums of the x, 
y, and z components of the given forces and measure the tendency 
of the system to impart to the rigid body a motion of translation in 
the x, y, or z direction. Similarly, the components M2 Mj. Mz repre- 
sent, respectively, the sum of the moments of the given forces about 
the x, y, and z axes and measure the tendency of the system to impart 
to the rigid body a motion of rotation about the x, y, or z axis. 

If the magnitude and direction of the force R are desired, they 
can be obtained from the components R,, Ry, R, by means of the 
relations (2.18) and (2.19) of Sec. 2.12; similar computations will 


yield the magnitude and direction of the couple vector M6. 


3.18 EQUIVALENT SYSTEMS OF FORCES 


We saw in the preceding section that any system of forces acting on 
a rigid body can be reduced to a force-couple system at a given point 
O. This equivalent force-couple system characterizes completely the 
effect of the given force system on the rigid body. Two systems of 
forces are equivalent, therefore, if they can be reduced to the same 
force-couple system at a given point O. Recalling that the force- 
couple system at O is defined by the relations (3.52), we state that 
two systems of forces, F\, Fo, F3,..., and Fj, F5, F3, ... , which 
act on the same rigid body are equivalent if; and only if, the sums 
of the forces and the sums of the moments about a given point O of 
the forces of the two systems are, respectively, equal. Expressed 
mathematically, the necessary and sufficient conditions for the two 
systems of forces to be equivalent are 


SF=SF’ and SM) = 5M) (3.57) 


Note that to prove that two systems of forces are equivalent, the 
second of the relations (3.57) must be established with respect to 
only one point O. It will hold, however, with respect to any point if 
the two systems are equivalent. 

Resolving the forces and moments in (3.57) into their rectan- 
gular components, we can express the necessary and sufficient condi- 
tions for the equivalence of two systems of forces acting on a rigid 


body as follows: 


Dre ee ee =F, = =F 


(3.58) 
2M, ==Mi 2M,= 2M!  =M, = =M! 


These equations have a simple physical significance. They express 
that two systems of forces are equivalent if they tend to impart to 
the rigid body (1) the same translation in the x, y, and z directions, 
respectively, and (2) the same rotation about the x, y, and z axes, 
respectively. 


3.19 EQUIPOLLENT SYSTEMS OF VECTORS 


In general, when two systems of vectors satisfy Eqs. (3.57) or (3.58), 
i.e., when their resultants and their moment resultants about an arbi- 
trary point O are respectively equal, the two systems are said to be 
equipollent. The result established in the preceding section can thus 
be restated as follows: If two systems of forces acting on a rigid body 
are equipollent, they are also equivalent. 

It is important to note that this statement does not apply to any 
system of vectors. Consider, for example, a system of forces acting on 
a set of independent particles which do not form a rigid body. A dif- 
ferent system of forces acting on the same particles may happen to be 
equipollent to the first one; ie., it may have the same resultant and 
the same moment resultant. Yet, since different forces will now act 
on the various particles, their effects on these particles will be different; 
the two systems of forces, while equipollent, are not equivalent. 


3.19 Equipollent Systems of Vectors 125 


Photo 3.3. The forces exerted by the children 
upon the wagon can be replaced with an 
equivalent force-couple system when analyzing 
the motion of the wagon. 


126 Rigid Bodies: Equivalent Systems of Forces 3. FURTHER REDUCTION OF A SYSTEM OF FORCES 


We saw in Sec. 3.17 that any given system of forces acting on a rigid 
body can be reduced to an equivalent force-couple system at O con- 
sisting of a force R equal to the sum of the forces of the system and 
a couple vector Mé of moment equal to the moment resultant of the 
system. 

When R = 0, the force-couple system reduces to the couple 
vector M6. The given system of forces can then be reduced to a 
single couple, called the resultant couple of the system. 

Let us now investigate the conditions under which a given sys- 
tem of forces can be reduced to a single force. It follows from Sec. 
3.16 that the force-couple system at O can be replaced by a single 
force R acting along a new line of action if R and M6 are mutually 
perpendicular. The systems of forces which can be reduced to a sin- 
gle force, or resultant, are therefore the systems for which the force 
R and ihe couple vector M6 are mutually perpendicular. While this 
condition is generally not satisfied by systems of forces in space, 
it will be satisfied by systems consisting of (1) concurrent forces, 
(2) coplanar forces, or (3) parallel forces. These three cases will be 
discussed separately. 


1. Concurrent forces are applied at the same point and can there- 
fore be added directly to obtain their resultant R. Thus, they 
always reduce to a single force. Concurrent forces were dis- 
cussed in detail in Chap. 2. 

2. Coplanar forces act in the same plane, which may be assumed to 
be the plane of the figure (Fig. 3.43a). The sum R of the forces 
of the system will also lie in the plane of the figure, while the 
moment of each force about O, and thus the moment resultant 
M6, will be perpendicular to that plane. The force-couple system 
at O consists, therefore, of a force R and a couple vector M6 
which are mutually perpendicular (Fig. 3.43b).¢ They can be 
reduced to a single force R by moving R in the plane of the figure 
until its moment about O becomes equal to M6. The distance 
from O to the line of action of R is d = M6/R (Fig. 3.43c). 


d=M@/R 
(a) (b) (c) 


Fig. 3.43 
Since the couple vector Mi is perpendicular to the plane of the figure, it has been 
represented by the symbol ). A counterclockwise couple ‘| represents a vector pointing 
out of the paper, and a clockwise couple ) represents a vector pointing into the paper. 


As noted in Sec. 3.17, the reduction of a system of forces 
is considerably simplified if the forces are resolved into rectan- 
gular components. The force-couple system at O is then char- 
acterized by the components (Fig. 3.44a) 


R,=2F, R,= =F, Mi=M6= 2Mo (3.59) 


xr=M@/R, 


(a) (b) 


Fig. 3.44 


To reduce the system to a single force R, we express that the 
moment of R about O must be equal to M. Denoting by x and 
y the coordinates of the point of application of the resultant 
and recalling formula (3.22) of Sec. 3.8, we write 


xh, yh, = Mz 


which represents the equation of the line of action of R. We 
can also determine directly the x and y intercepts of the line 
of action of the resultant by noting that Mg must be equal to 
the moment about O of the y component of R when R is 
attached at B (Fig. 3.44b) and to the moment of its x compo- 
nent when R is attached at C (Fig. 3.44c). 

. Parallel forces have parallel lines of action and may or may not 
have the same sense. Assuming here that the forces are parallel to 
the y axis (Fig. 3.452), we note that their sum R will also be paral- 
lel to the y axis. On the other hand, since the moment of a given 
force must be perpendicular to that force, the moment about O of 
each force of the system, and thus the moment resultant Mé, will 
lie in the zx plane. The force-couple system at O consists, therefore, 


y 
r | 
R 
= MRi 
os O : 
x i Ke 7 x 
Mik / 
EN’ 
Fy a Mo 
(a) (b) 


3.20 Further Reduction of a System of Forces 
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POI 


Photo 3.4 The parallel wind forces acting on 
the highway signs can be reduced to a single 
equivalent force. Determining this force can 
simplify the calculation of the forces acting on 
the supports of the frame to which the signs are 
attached. 


Fig. 3.46 


of a force R and a couple vector Mé which are mutually perpen- 
dicular (Fig. 3.45b). They can be reduced to a single force R 
(Fig. 3.45c) or, if R = 0, to a single couple of moment Mé. 

In practice, the force-couple system at O will be charac- 
terized by the components 

R, = =F, ==M, M?=2 XM. (3.60) 

The reduction of the system to a single force can be carried 
out by moving R to a new point of application A(x, 0, z) chosen 
so that the moment of R about O is equal to Mé. We write 


rxR= Mé 
(xi + zk) x R,j = Mi + MEk 


By computing the vector products and equating the coefficients 
of the corresponding unit vectors in both members of the equa- 
tion, we obtain two scalar equations which define the coordi- 
nates of A: 


—2R, = Mi xR, = M? 


These equations express that the moments of R about the x 
and z axes must, respectively, be equal to M{'and Mf 


*3.21 REDUCTION OF A SYSTEM 
OF FORCES TO A WRENCH 


In the general case of a system of forces in space, the equivalent force- 
couple system at O consists of a force R and a couple vector M6 which 
are not perpendicular, and neither of which is zero (Fig. 3.46a). Thus, 
the system of forces cannot be reduced to a single force or to a single 
couple. The couple vector, however, can be replaced by two other 
couple vectors obtained by resolving M6 into a component M; along 
R and a component Mg in a plane perpendicular to R (Fig. 3.46D). 
The couple vector Mz and the force R can then be replaced by a 
single force R acting along a new line of action. The original system 
of forces thus reduces to R and to the couple vector M, (Fig. 3.46c), 
ie., to R and a couple acting in the plane perpendicular to R. This 
particular force-couple system is called a wrench because the result- 
ing combination of push and twist is the same as that which would 
be caused by an actual wrench. The line of action of R is known as 
the axis of the wrench, and the ratio p = M/R is called the pitch 
R 
R 


M 
M, : 


S 


of the wrench. A wrench, therefore, consists of two collinear vectors, 
namely, a force R and a couple vector 


(3.61) 


Recalling the expression (3.35) obtained in Sec. 3.9 for the projection 
of a vector on the line of action of another vector, we note that the 
projection of M@ on the line of action of R is 


R:- M2 
M, = 2 
R 


Thus, the pitch of the wrench can be expressed ast 


(3.62) 


To define the axis of the wrench, we can write a relation involv- 
ing the position vector r of an arbitrary point P located on that axis. 
Attaching the resultant force R and couple vector M;, at P (Fig. 3.47) 
and expressing that the moment about O of this force-couple system 
is equal to the moment resultant M6 of the original force system, 
we write 


M, + r xX R= Mi 
or, recalling Eq. (3.61), 
pR+rxR=M6 


Axis of wrench 3 


R 


(3.63) 


(3.64) 


Fig. 3.47 


+The expressions obtained for the projection of the couple vector on the line of action 
of R and for the pitch of the wrench are independent of the choice of point O. Using 
the relation (3.53) of Sec. 3.17, we note that if a different point O’ had been used, the 
numerator in (3.62) would have been 


R-Mé =R-: (M6 +s x R)=R-MO+R-(s x R) 
Since the mixed triple product R - (s X R) is identically equal to zero, we have 
R:-MS=R-Mé 


Thus, the scalar product R - M§ is independent of the choice of point O. 


3.21 Reduction of a System of Forces 
to a Wrench 
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Photo 3.5 The pushing-turning action 
associated with the tightening of a screw 
illustrates the collinear lines of action of the force 
and couple vector that constitute a wrench. 


150 N 600N  100N 2530N SAMPLE PROBLEM 3.8 


t | t A 4.80-m-long beam is subjected to the forces shown. Reduce the given 
A ho system of forces to (a) an equivalent force-couple system at A, (b) an equiva- 
L. a 12m Ie 2400) =>} 


B 


lent force-couple system at B, (c) a single force or resultant. 

Note. Since the reactions at the supports are not included in the 
given system of forces, the given system will not maintain the beam in 
equilibrium. 


1.6m 


150j  —600j 100j -250) SOLUTION 


{ + ft 4 


AN B a. Force-Couple System at A. The force-couple system at A equivalent to 
a 6i-| the given system of forces consists of a force R and a couple M4 defined 
; : as follows: 
251 
4.8i >| R = =F 
Saree |, = (150 N)j — (600 N)j + (100 N)j — (250 Nj = —(600 Nj 
MA = yY(r x F) 
{ = (1.6i) x (—600j) + (2.8i) x (100j) + (4.8%) x (—250j) 
= —(1880 N- m)k 

A B 

— (1880 Nem) k The equivalent force-couple system at A is thus 


R= 600N] Mi =1880N-m) 4 


b. Force-Couple System at B. We propose to find a force-couple system 
at B equivalent to the force-couple system at A determined in part a. The 


— (600 N)j 
— (1880 N-m) k ‘j force R is unchanged, but a new couple ME must be determined, the 
moment of which is equal to the moment about B of the force-couple sys- 
A B tem determined in part a. Thus, we have 
— 
L Loon | (2880N-m)k M2 =M2+ BA xR 
_(600N)j = —(1880N - m)k +(—4.8m)i x (—600N)j 
= —(1880N : m)k + (2880N - m)k = +(1000N - m)k 
The equivalent force-couple system at B is thus 
A B 
(1000 N-m)k R = 600N] ME =1000N-m} 4 
c. Single Force or Resultant. The resultant of the given system of forces 
is equal to R, and its point of application must be such that the moment of 
R about A is equal to M“. We write 
rx R=Mé 
xi X (—600 N)j = —(1880 N- m)k 
—x(600 N)k = —(1880 N - m)k 
— (600 N) j and conclude that x = 3.13 m. Thus, the single force equivalent to the given 
| system is defined as 
A | = R=600NJ x=313m <4 
== SS 
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ne SAMPLE PROBLEM 3.9 
4 . 
3 


Four tugboats are used to bring an ocean liner to its pier. Each tugboat 
al exerts a 5000-Ib force in the direction shown. Determine (a) the equivalent 
50ft | ‘| 100_ 70 ft force-couple system at the foremast O, (b) the point on the hull where a 

single, more powerful tugboat should push to produce the same effect as 


wo l the original four tugboats. 


SOLUTION 


a. Force-Couple System at O. Each of the given forces is resolved into 
T components in the diagram shown (kip units are used). The force-couple 

system at O equivalent to the given system of forces consists of a force R 
and a couple M5; defined as follows: 


‘SO? 
= (2.501 — 4.33]) + (3.001 — 4.00j) + (—5.00j) + (3.54i + 3.549) 
= 9.04i — 9.79] 

Mé = Xr X F) 


= (—901 + Oj) x ( 
+ (100i + 70j) x 
+ (400i + 70j) x (—5.00j) 
+ (3001 — 70j) x (3.54i + 3.54)) 

= (390 — 125 — 400 — 210 — 2000 + 1062 + 248)k 


2.501 — 4.33) 
(3.001 — 4.00j) 


= —1035k 
Mé =-1035k The equivalent force-couple system at O is thus 
R = (9.04 kips)i — (9.79 kips)j = M@ = —(1035 kip - ft)k 
g or R = 13.33 kips \G47.3° Ms = 1035 kip- ft) < 


Remark. Since all the forces are contained in the plane of the figure, 
we could have expected the sum of their moments to be perpendicular to 
that plane. Note that the moment of each force component could have been 
obtained directly from the diagram by first forming the product of its mag- 
nitude and perpendicular distance to O and then assigning to this product 
a positive or a negative sign depending upon the sense of the moment. 


9.79} 


i b. Single Tugboat. The force exerted by a single tugboat must be equal 
g g M/ g g q 
A to R, and its point of application A must be such that the moment of R 
9.04i {zo about O is equal to Mé. Observing that the position vector of A is 
| 
O| r=xi + 70j 
bed we write 


rX R= Me 
(xi + 70j) x (9.041 — 9.79j) = —1035k 
—x(9.79)k — 633k = —1085k x= 41.1ft < 
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SAMPLE PROBLEM 3.10 


Three cables are attached to a bracket as shown. Replace the forces 
exerted by the cables with an equivalent force-couple system at A. 


“SOLUTION 


We first determine the relative position vectors drawn from point A to the 
points of application of the various forces and resolve the forces into rect- 
angular components. Observing that Fz = (700 N)Age where 


BE  75i — 150j + 50k 
BE 175 


ABE os 


we have, using meters and newtons, 


rp = AB = 0.075i + 0.050k 
— 

roa = AC = 0.075i — 0.050k 
— 

rp = AD = 0.100i — 0.100j 


F,; = 300i — 600j + 200k 

Fo = 707i — 707k 

Fp = 600i + 1039j 

The force-couple system at A equivalent to the given forces consists 


of a force R = =F and a couple Mi = X(r X F). The force R is readily 
obtained by adding respectively the x, y, and z components of the forces: 


R = XF = (1607 N)i + (439 N)j — 607 N)k <4 


The computation of M& will be facilitated if we express the moments of the 
forces in the form of determinants (Sec. 3.8): 
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i j k 
¥g/4 X Fz = |0.075 0) 0.050 | = 30% —45k 
300 —600 200 
i j k 
Eres fo= 0.075 0 —0.050} — 17.68] 
707 0 =F 
i j k 


rpja X Fp = {0.100 -0.100 0 | = 
600 1039 0 


163.9k 


Adding the expressions obtained, we have 
Mi = X(r X F) = (30 N- m)i + (17.68 N- mj + (1189N-mk < 


The rectangular components of the force R and the couple Mi are shown 
in the adjoining sketch. 


SAMPLE PROBLEM 3.11 


A square foundation mat supports the four columns shown. Determine the 
magnitude and point of application of the resultant of the four loads. 


SOLUTION 


We first reduce the given system of forces to a force-couple system at the 
origin O of the coordinate system. This force-couple system consists of a 
force R and a couple vector M& defined as follows: 


R = >F M2 = S(r Xx F) 


The position vectors of the points of application of the various forces are 
Yi determined, and the computations are arranged in tabular form. 


— (80 kips)j r, ft F, kips | rx F, kip - ft 
0 —40j 0 
— (280 kipsft)k (240 kipsft)i 10i = 112 — 120k 
10i + 5k = 40i — 80k 
4i + 10k —20j 200i — 80k 
x R = —80j M6 = 240i — 280k 


Since the force R and the couple vector Mé are mutually perpendicu- 
lar, the force-couple system obtained can be reduced further to a single force 
R. The new point of application of R will be selected in the plane of the mat 
and in such a way that the moment of R about O will be equal to Mz. Denot- 
ing by r the position vector of the desired point of application, and by x and 
z its coordinates, we write 


rxXR=Mé 
(xi + zk) x (—80j) = 240i — 280k 
80xk + 80zi = 240i — 280k 


from which it follows that 


¢-~ —80x = —280 80z = 240 
a pe = By 510) tnt Zz = 3.00 ft 


We conclude that the resultant of the given system of forces is 


R = 80 kips | atx = 3.50 fz =3.00f <4 
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SAMPLE PROBLEM 3.12 


Two forces of the same magnitude P act on a cube of side a as shown. 
Replace the two forces by an equivalent wrench, and determine (a) the 
magnitude and direction of the resultant force R, (b) the pitch of the 
wrench, (c) the point where the axis of the wrench intersects the yz plane. 


SOLUTION 


Equivalent Force-Couple System at O. We first determine the equivalent 
force-couple system at the origin O. We observe that the position vectors 
of the points of application E and D of the two given forces are rg = 
ai + aj and rp = aj + ak. The resultant R of the two forces and their 
moment resultant Mf about O are 


R=F,+ F,= Pi+ Pj = Pit j) (1) 
M6 = rz X F, + rp X F, = (ai + aj) X Pit (aj + ak) x Pj 
= —Pak — Pai = —Pali + k) (2) 


a. Resultant Force R. It follows from Eq. (1) and the adjoining sketch 
that the resultant force R has the magnitude R = P V/2, lies in the xy plane, 
and forms angles of 45° with the x and y axes. Thus 
R=PV2 0,=6,=45° 6.=90° 4 
b. Pitch of Wrench. Recalling formula (3.62) of Sec. 3.21 and Eqs. (1) 
and (2) above, we write 
R:-Mé Plit+j)-(-Pa)ii+k) -P'a(1+0+0) a 
= = = p= 
oy ie (PV/2)? aye : 2 <4 
c. Axis of Wrench. It follows from the above and from Eq. (3.61) that the 
wrench consists of the force R found in (1) and the couple vector 


M, = pR = Pit j) = — +i) (3) 


To find the point where the axis of the wrench intersects the yz plane, we 
express that the moment of the wrench about O is equal to the moment 
resultant Mé of the original system: 


M, +r X R= Ms 
or, noting that r = yj + zk and substituting for R, M3, and M, from Eqs. 
(1), (2), and (3), 
Pa,, ‘ 3 5 4 : 
aon. + j) + (yj + zk) X P(i+ j) = —Pali+ k) 


a22 2 Ey Sey By eS ee = eae 
ie J Yy 2J (a a a 


Equating the coefficients of k, and then the coefficients of j, we find 
y =a z=a/2 <4 


SOLVING PROBLEMS 
YN TOUR OWN 


(ies lesson was devoted to the reduction and simplification of force systems. 
In solving the problems which follow, you will be asked to perform the opera- 
tions discussed below. 


1. Reducing a force system to a force and a couple at a given point A. The 
force is the resultant R of the system and is obtained by adding the various forces; 
the moment of the couple is the moment resultant of the system and is obtained 
by adding the moments about A of the various forces. We have 


R=SF M= dr x F) 


where the position vector r is drawn from A to any point on the line of action of F. 


2. Moving a force-couple system from point A to point B. If you wish to 
reduce a given force system to a force-couple system at point B after you have 
reduced it to a force-couple system at point A, you need not recompute the 
moments of the forces about B. The resultant R remains unchanged, and the new 
moment resultant Mj can be obtained by adding to Mj the moment about B of 
the force R applied at A [Sample Prob. 3.8]. Denoting by s the vector drawn from 
B to A, you can write 


Mi=Mi+sxR 


3. Checking whether two force systems are equivalent. First reduce each 
force system to a force-couple system at the same, but arbitrary, point A (as 
explained in paragraph 1). The two systems are equivalent (that is, they have the 
same effect on the given rigid body) if the two force-couple systems you have 
obtained are identical, that is, if 


SF=SF’ and = SM,= >M\ 


You should recognize that if the first of these equations is not satisfied, that is, if 
the two systems do not have the same resultant R, the two systems cannot be 
equivalent and there is then no need to check whether or not the second equation 
is satisfied. 


4. Reducing a given force system to a single force. First reduce the given 
system to a force-couple system consisting of the resultant R and the couple vector 
M& at some convenient point A (as explained in paragraph 1). You will recall from 
the previous lesson that further reduction to a single force is possible only if the 
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force R and the couple vector Mi are mutually perpendicular. This will certainly 
be the case for systems of forces which are either concurrent, coplanar, or parallel. 
The required single force can then be obtained by moving R until its moment 
about A is equal to M« as you did in several problems of the preceding lesson. 
More formally, you can write that the position vector r drawn from A to any point 
on the line of action of the single force R must satisfy the equation 


r xX R= M 


This procedure was used in Sample Probs. 3.8, 3.9, and 3.11. 


5. Reducing a given force system to a wrench. If the given system is comprised 
of forces which are not concurrent, coplanar, or parallel, the equivalent force- 
couple system at a point A will consist of a force R and a couple vector M4 which, 
in general, are not mutually perpendicular. (To check whether R and Mi are 
mutually perpendicular, form their scalar product. If this product i is zero, they are 
mutually perpendicular; otherwise, they are not.) If R and M4 are not mutually 
perpendicular, the force-couple system (and thus the given system of forces) can- 
not be reduced to a single force. However, the system can be reduced to a 
wrench—the combination of a force R and a couple vector Mj, directed along a 
common line of action called the axis of the wrench (Fig. 3.47). The ratio p = M\/R 
is called the pitch of the wrench. 


To reduce a given force system to a wrench, you should follow these steps: 


a. Reduce the given system to an equivalent force-couple system (R, M8), 
typically located at the origin O. 


b. Determine the pitch p from Eq. (3.62) 
M, R:M6 


p= R R (3.62) 


and the couple vector from M, = pR. 
c. Express that the moment about O of the wrench is equal to the moment 
resultant Mé of the force-couple system at O: 


M, + r X R= M2 (3.63) 


This equation allows you to determine the point where the line of action of the 
wrench intersects a specified plane, since the position vector r is directed from O 
to that point. 


These steps are illustrated in Sample Prob. 3.12. Although the determination of a 
wrench and the point where its axis intersects a plane may appear difficult, the 
process is simply the application of several of the ideas and techniques developed 
in this chapter. Thus, once you have mastered the wrench, you can feel confident 
that you understand much of Chap. 3. 


PROBLEMS 
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Fig. P3.101 
3.101 A 4-m-long beam is subjected to a variety of loadings. (a) Replace 
each loading with an equivalent force-couple system at end A of the 200 N 400 N 
beam. (b) Which of the loadings are equivalent? Lz Ach ek 
3.102 A 4-m-long beam is loaded as shown. Determine the loading of a B 
Prob. 3.101 which is equivalent to this loading. 
400 N-m nn an 2800 N-m 


3.103 Determine the single equivalent force and the distance from point A 
to its line of action for the beam and loading of (a) Prob. 3.101b, Fig. P3.102 
(b) Prob. 3.101d, (c) Prob. 3.10le. 


3.104 Five separate force-couple systems act at the corners of a piece of 
sheet metal, which has been bent into the shape shown. Deter- 
mine which of these systems is equivalent to a force F = (10 lb)i 
and a couple of moment M = (15 lb - ft)j + (15 lb - ft)k located 
at the origin. 


O J 15 Ibeft 


Patt 


2 ft * 101b 15 lb-ft 
4 


15 Ibeft 2 ft 
Fig. P3.104 
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through C if she weighs (a) 60 lb, (b) 52 Ib. 


138 Rigid Bodies: Equivalent Systems of Forces 3.105 The weights of two children sitting at ends A and B of a seesaw 
are 84 lb and 64 |b, respectively. Where should a third child sit 
6 ft 

aan — 3.106 Three stage lights are mounted on a pipe as shown. The lights at 

A A and B each weigh 4.1 lb, while the one at C weighs 3.5 Ib. @@) If 
d = 25 in., determine the distance from D to the line of action of 

the resultant of the weights of the three lights. (b) Determine the 

value of d so that the resultant of the weights passes through the 


; Fe eat | so that the resultant of the weights of the three children will pass 
Fig. P3.105 midpoint of the pipe. 


Fig. P3.106 


3.107 A beam supports three loads of given magnitude and a fourth load 
whose magnitude is a function of position. If b = 1.5 m and the 
loads are to be replaced with a single equivalent force, determine 
(a) the value of a so that the distance from support A to the line 
of action of the equivalent force is maximum, (b) the magnitude 
of the equivalent force and its point of application on the beam. 


[ 9m 
. 1300 N 400 N 600 N 
16 in. 
a b 
10 in. B 


-é a 


Fig. P3.107 


3.108 Gear C is rigidly attached to arm AB. If the forces and couple 
shown can be reduced to a single equivalent force at A, determine 
Fig. P3.108 the equivalent force and the magnitude of the couple M. 


3.109 A couple of magnitude M = 54 lb - in. and the three forces shown 
are applied to an angle bracket. (a) Find the resultant of this sys- 
tem of forces. (b) Locate the points where the line of action of the 
resultant intersects line AB and line BC. 


3.110 A couple M and the three forces shown are applied to an angle 
bracket. Find the moment of the couple if the line of action of the 
resultant of the force system is to pass through (a) point A, (b) point B, 
(c) point C. 


3.111 Four forces act on a 700 X 375-mm plate as shown. (a) Find the 
resultant of these forces. (b) Locate the two points where the line 
of action of the resultant intersects the edge of the plate. 


3.112 Solve Prob. 3.111, assuming that the 760-N force is directed to the 
right. 


3.113 A truss supports the loading shown. Determine the equivalent 
force acting on the truss and the point of intersection of its line 
of action with a line drawn through points A and G. 


x I+— 8 ft ii 8 ft 
240 lb 160 lb 300 Ib 


-— 8 ft 


180 lb 
Fig. P3.113 


3.114 Pulleys A and B are mounted on bracket CDEF. The tension on 
each side of the two belts is as shown. Replace the four forces with 
a single equivalent force, and determine where its line of action 
intersects the bottom edge of the bracket. 


1201b 160 1b 
Fig. P3.114 


3.115 A machine component is subjected to the forces and couples shown. 
The component is to be held in place by a single rivet that can resist 
a force but not a couple. For P = 0, determine the location of the 
rivet hole if it is to be located (a) on line FG, (b) on line GH. 


3.116 Solve Prob. 3.115, assuming that P = 60 N. 
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10 lb 30 lb 


Fig. P3.109 and P3.110 


340 N 
500 N 


600 N 
Fig. P3.111 


240 mm 


Fig. P3.115 


140 Rigid Bodies: Equivalent Systems of Forces 3.117 A 32-lb motor is mounted on the floor. Find the resultant of the 


3.118 


3.119 


D 


Ly 


Fig. P3.118 


3.120 


weight and the forces exerted on the belt, and determine where 
the line of action of the resultant intersects the floor. 


As follower AB rolls along the surface of member C, it exerts a con- 
stant force F perpendicular to the surface. (a) Replace F with an 
equivalent force-couple system at the point D obtained by drawing 
the perpendicular from the point of contact to the x axis. (b) For 
a = 1mandb = 2 m, determine the value of x for which the 
moment of the equivalent force-couple system at D is maximum. 


Four forces are applied to the machine component ABDE as shown. 
Replace these forces by an equivalent force-couple system at A. 


120 N 
Fig. P3.119 


Two 150-mm-diameter pulleys are mounted on line shaft AD. The 
belts at B and C lie in vertical planes parallel to the yz plane. 
Replace the belt forces shown with an equivalent force-couple sys- 
tem at A. 


y 


Fig. P3.120 


3.121 While using a pencil sharpener, a student applies the forces and Problems 14] 
couple shown. (a) Determine the forces exerted at B and C know- 
ing that these forces and the couple are equivalent to a force- 
couple system at A consisting of the force R = (2.6 lb)i + R,j — 
(0.7 Ib)k and the couple M{ = M,i + (1.0 lb - ft)j — (0.72 Ib - fk. 
(b) Find the corresponding values of R, and M,. 


y 


Fig. P3.121 


3.122 A mechanic uses a crowfoot wrench to loosen a bolt at C. The 
mechanic holds the socket wrench handle at points A and B and 
applies forces at these points. Knowing that these forces are equiv- 
alent to a force-couple system at C consisting of the force C = 
—(8 lb)i + (4 lb)k and the couple Mc = (360 lb - in.)i, determine 
the forces applied at A and at B when A, = 2 |b. 


3.123 As an adjustable brace BC is used to bring a wall into plumb, the 
force-couple system shown is exerted on the wall. Replace this 
force-couple system with an equivalent force-couple system at A 
if R = 21.2 Ib and M = 13.25 bb - ft. 


Fig. P3.122 


Fig. P3.123 


142 Rigid Bodies: Equivalent Systems of Forces 3.124 


3.125 


Fig. P3.126 


3.127 


3.128 


Fig. P3.127 and P3.128 


A mechanic replaces a car's exhaust system by firmly clamping 
the catalytic converter FG to its mounting brackets H and I and 
then loosely assembling the mufflers and the exhaust pipes. To 
position the tailpipe AB, he pushes in and up at A while pulling 
down at B. (a) Replace the given force system with an equivalent 
force-couple system at D. (b) Determine whether pipe CD tends 
to rotate clockwise or counterclockwise relative to muffler DE, as 
viewed by the mechanic. 


Fig. P3.124 


For the exhaust system of Prob. 3.124, (a) replace the given force 
system with an equivalent force-couple system at F, where the 
exhaust pipe is connected to the catalytic converter, (b) determine 
whether pipe EF tends to rotate clockwise or counterclockwise, as 
viewed by the mechanic. 


The head-and-motor assembly of a radial drill press was originally 
positioned with arm AB parallel to the z axis and the axis of the 
chuck and bit parallel to the y axis. The assembly was then rotated 
25° about the y axis and 20° about the centerline of the hori- 
zontal arm AB, bringing it into the position shown. The drilling 
process was started by switching on the motor and rotating the 
handle to bring the bit into contact with the workpiece. Replace 
the force and couple exerted by the drill press with an equivalent 
force-couple system at the center O of the base of the vertical 
column. 


Three children are standing on a 5 X 5-m raft. If the weights of 
the children at points A, B, and C are 375 N, 260 N, and 400 N, 
respectively, determine the magnitude and the point of application 
of the resultant of the three weights. 


Three children are standing on a5 X 5-m raft. The weights of the 
children at points A, B, and C are 375 N, 260 N, and 400 N, respec- 
tively. If a fourth child of weight 425 N climbs onto the raft, deter- 
mine where she should stand if the other children remain in the 
positions shown and the line of action of the resultant of the four 
weights is to pass through the center of the raft. 


3.129 Four signs are mounted on a frame spanning a highway, and the Problems 143 
magnitudes of the horizontal wind forces acting on the signs are as 
shown. Determine the magnitude and the point of application of the 
resultant of the four wind forces when a = 1 ft and b = 12 ft. 


Fig. P3.131 


Fig. P3.129 and P3.130 


3.130 Four signs are mounted on a frame spanning a highway, and the 
magnitudes of the horizontal wind forces acting on the signs are 
as shown. Determine a and b so that the point of application of 
the resultant of the four forces is at G. 


*3.131 A group of students loads a 2 X 3.3-m flatbed trailer with two 
0.66 X 0.66 X 0.66-m boxes and one 0.66 X 0.66 X 1.2-m box. 
Each of the boxes at the rear of the trailer is positioned so that it is 
aligned with both the back and a side of the trailer. Determine the 
smallest load the students should place in a second 0.66 X 0.66 X 
1.2-m box and where on the trailer they should secure it, without 
any part of the box overhanging the sides of the trailer, if each box is 
uniformly loaded and the line of action of the resultant of the weights 
of the four boxes is to pass through the point of intersection of the 
centerlines of the trailer and the axle. (Hint: Keep in mind that the 
box may be placed either on its side or on its end.) 


*3.132 Solve Prob. 3.131 if the students want to place as much weight as 
possible in the fourth box and at least one side of the box must 
coincide with a side of the trailer. 


*3.133 Three forces of the same magnitude P act on a cube of side a as 
shown. Replace the three forces by an equivalent wrench and de- 
termine (a) the magnitude and direction of the resultant force R, 
(b) the pitch of the wrench, (c) the axis of the wrench. 


*3.134 A piece of sheet metal is bent into the shape shown and is acted 
upon by three forces. If the forces have the same magnitude P, 
replace them with an equivalent wrench and determine (a) the 
magnitude and the direction of the resultant force R, (b) the pitch 
of the wrench, (c) the axis of the wrench. Fig. P3.134 
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Fig. P3.135 


y *3.137 


Fig. P3.137 


Fig. P3.139 


and *3.136 The forces and couples shown are applied to 
two screws as a piece of sheet metal is fastened to a block of 
wood. Reduce the forces and the couples to an equivalent wrench 
and determine (a) the resultant force R, (b) the pitch of the 
wrench, (c) the point where the axis of the wrench intersects 
the xz plane. 


rs 


Fig. P3.136 


and *3.138 Two bolts at A and B are tightened by applying the 
forces and couples shown. Replace the two wrenches with a single 
equivalent wrench and determine (a) the resultant R, (b the pitch 
of the single equivalent wrench, (c) the point where the axis of the 
wrench intersects the xz plane. 


238 Ibein. 


 g9h 30 “J 


Fig. P3.138 


*3.139 Two ropes attached at A and B are used to move the trunk of a 


fallen tree. Replace the forces exerted by the ropes with an equiva- 
lent wrench and determine (a) the resultant force R, (b) the pitch 
of the wrench, (c) the point where the axis of the wrench intersects 
the yz plane. 


*3.140 


*3.141 


*3.143 


*3.144 


*3.145 


*3.146 


A flagpole is guyed by three cables. If the tensions in the cables 
have the same magnitude P, replace the forces exerted on the pole 
with an equivalent wrench and determine (a) the resultant force 
R, (b) the pitch of the wrench, (c) the point where the axis of the 
wrench intersects the xz plane. 


Fig. P3.140 


and *3.142 Determine whether the force-and-couple system 
shown can be reduced to a single equivalent force R. If it can, 
determine R and the point where the line of action of R intersects 
the yz plane. If it cannot be so reduced, replace the given system 
with an equivalent wrench and determine its resultant, its pitch, 
and the point where its axis intersects the yz plane. 


10 Nem 


Fal 
es 160 oe ae 120 mm 
40 mm 


Fig. P3.141 


Replace the wrench shown with an equivalent system consisting 
of two forces perpendicular to the y axis and applied respectively 
at A and B. 


Show that, in general, a wrench can be replaced with two forces 
chosen in such a way that one force passes through a given point 
while the other force lies in a given plane. 


Show that a wrench can be replaced with two perpendicular 
forces, one of which is applied at a given point. 


Show that a wrench can be replaced with two forces, one of which 
has a prescribed line of action. 


Fig. P3.143 
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REVIEW AND SUMMARY 


Principle of transmissibility In this chapter we studied the effect of forces exerted on a rigid 
body. We first learned to distinguish between external and internal 
forces [Sec. 3.2] and saw that, according to the principle of transmis- 
sibility, the effect of an external force on a rigid body remains 
unchanged if that force is moved along its line of action [Sec. 3.3]. 
In other words, two forces F and F’ acting on a rigid body at two 
different points have the same effect on that body if they have the 
same magnitude, same direction, and same one of action (Fig. 3.48). 
Two such forces are said to be equivalent. 


Before proceeding with the discussion of equivalent systems of forces, 
we introduced the concept of the vector product of two vectors 
[Sec. 3.4]. The vector product 


V=PxQ 


of the vectors P and Q was defined as a vector perpendicular to the 
plane containing P and Q (Fig. 3.49), of magnitude 


V = PO sind (3.1) 


and directed in such a way that a person located at the tip of V will 
observe as counterclockwise the rotation through 6 which brings the 
vector P in line with the vector Q. The three vectors P, Q, and V— 
(a) taken in that order—are said to form a right-handed triad. It follows 

that the vector products Q x P and P X Qare represented by equal 
i, and opposite vectors. We have 


Q x P= -(P x Q) (3.4) 


It also follows from the definition of the vector product of two vec- 
(b) tors that the vector products of the unit vectors i, j, and k are 


gone ixi=0 ixj=k jxi=-k 

and so on. The sign of the vector product of two unit vectors can be 
obtained by arranging in a circle and in counterclockwise order the 
three letters representing the unit vectors (Fig. 3.50): The vector 
product of two unit vectors will be positive if they follow each other 
in counterclockwise order and negative if they follow each other in 


clockwise order. 


The rectangular components of the vector product V of two vectors 
P and Q were expressed [Sec. 3.5] as 


Rectangular components V, = PQ. — PQ 
of vector product Vy = P.Qx — P. 


y 
V. = PQ, — P,Q: 


(3.9) 
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Using a determinant, we also wrote Review and Summary ] 47 


ij k 
Val, 7, 2£ (3.10) 
QO: Qy Q: 


The moment of a force F about a point O was defined [Sec. 3.6] as the Moment of a force about a point 
vector product 


Mo =rxF (3.11) 


where r is the position vector drawn from O to the point of applica- 
tion A of the force F (Fig. 3.51). Denoting by 0 the angle between 
the lines of action of r and F, we found that the magnitude of the 
moment of F about O can be expressed as 


Mo = fF sin 0 = Fd (3.12) 


where d represents the perpendicular distance from O to the line of 
action of F. Fig. 3.51 


The rectangular components of the moment Mo of a force F were Rectangular components of moment 
expressed [Sec. 3.8] as 


M, = yF. Fy 
M, = 2F, — +F, (3.18) 
2 = xb, — yf, 


where x, y, z are the components of the position vector r (Fig. 3.52). 
Using a determinant form, we also wrote 


ij k - 
Mo=|x y 2 (3.19) ; 


In the more general case of the moment about an arbitrary point B 
of a force F applied at A, we had 


i j k 
Mz = |Xap YA/B ZA/B (3.21) 
F;. F F, 


y 
where x,4/g, Yap, and Z4/g denote the components of the vector ryjp: 
Xa/B —~ Xa ~ XB YaiB — YA ~ YB ZA/B — 2A — &B 


In the case of problems involving only two dimensions, the force F 
can be assumed to lie in the xy plane. Its moment Mz about a point 
B in the same plane is perpendicular to that plane (Fig. 3.53) and is 
completely defined by the scalar 


Mz = (x4 Xp)Fy (ya Yp)Fy (3.23) 


Various methods for the computation of the moment of a force about 
a point were illustrated in Sample Probs. 3.1 through 3.4. 


Fig. 3.53 


The scalar product of two vectors P and Q [Sec. 3.9] was denoted Scalar product of two vectors 
by P + Q and was defined as the scalar quantity 


P-Q = PQ cos 0 (3.24) 
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Q 


é 


P 
Fig. 3.54 


Projection of a vector on an axis 


Fig. 3.55 


Mixed triple product of three vectors 


Moment of a force about an axis 


where 6 is the angle between P and Q (Fig. 3.54). By expressing the 
scalar product of P and Q in terms of the rectangular components 
of the two vectors, we determined that 


P-Q=P,0, + P,Q, + P.O. (3.30) 
The projection of a vector P on an axis OL (Fig. 3.55) can be obtained 
by forming the scalar product of P and the unit vector A along OL. 
We have 
Por = P : xX (3.36) 
or, using rectangular components, 


For, = P, cos 0, + P, cos 0, + 2, cos G, (3.37) 


where 6,, 6,, and 6, denote the angles that the axis OL forms with 
the coordinate axes. 


The mixed triple product of the three vectors S, P, and Q was defined 
as the scalar expression 


S-(P x Q) (3.38) 


obtained by forming the scalar product of § with the vector product 
of P and Q [Sec. 3.10]. It was shown that 


a 8, 
S*(PXO)=IP, 2B, P, (3.41) 
Ox Q, Q: 


where the elements of the determinant are the rectangular compo- 
nents of the three vectors. 


The moment of a force F about an axis OL [Sec. 3.11] was defined 
as the projection OC on OL of the moment Mo of the force F 
(Fig. 3.56), ie., as the mixed triple product of the unit vector A, the 
position vector r, and the force F: 


Mo, = X¥* Mo = Av (r X F) (3.42) 


Using the determinant form for the mixed triple product, we have 


AL Ay Ag 
Mor = x y v4 (3.43) 
F, Fy F: 


where \,, Na Ne = direction cosines of axis OL 
x, y, = components of r 


F,, F,, F, = components of F 


An example of the determination of the moment of a force about a 
skew axis was given in Sample Prob. 3.5. 


Two forces F and —F having the same magnitude, parallel lines of Couples Reviewed summery 


action, and opposite sense are said to form a couple [Sec. 3.12]. It 
was shown that the moment of a couple is independent of the point 
about which it is computed; it is a vector M perpendicular to the 
plane of the couple and equal in magnitude to the product of the 
common magnitude F of the forces and the perpendicular distance d 
between their lines of action (Fig. 3.57). 


Two couples having the same moment M are equivalent, i.e., they 
have the same effect on a given rigid body [Sec. 3.13]. The sum of 
two couples is itself a couple [Sec. 3.14], and the moment M of 
the resultant couple can be obtained by adding vectorially the 
moments M, and Mg, of the original couples [Sample Prob. 3.6]. It 
follows that a couple can be represented by a vector, called a couple 
vector, equal in magnitude and direction to the moment M of 
the couple [Sec. 3.15]. A couple vector is a free vector which can be 
attached to the origin O if so desired and resolved into components 
(Fig. 3.58). 


Fig. 3.57 
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(a) (b) (c) 
Fig. 3.58 


Any force F acting at a point A of a rigid body can be replaced by 
a force-couple system at an arbitrary point O, consisting of the force 
F applied at O and a couple of moment Mo equal to the moment 
about O of the force F in its original position [Sec. 3.16]; it should 
be noted that the force F and the couple vector Mo are always per- 
pendicular to each other (Fig. 3.59). 


Fig. 3.59 


It follows [Sec. 3.17] that any system of forces can be reduced to a 


Force-couple system 


Reduction of a system of forces 


force-couple system at a given point O by first replacing each of to q force-couple system 


the forces of the system by an equivalent force-couple system at O 
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Fig. 3.60 


Equivalent systems of forces 


Further reduction of a 
system of forces 


(Fig. 3.60) and then adding all the forces and all the couples deter- 
mined in this manner to obtain a resultant force R and a resultant 
couple vector Mé [Sample Probs. 3.8 through 3.11]. Note that, in 
general, the resultant R and the couple vector M6 will not be per- 
pendicular to each other. 


We concluded from the above [Sec. 3.18] that, as far as rigid 


bodies are concerned, two systems of forces, F,, Fo, F3, .. . and 
Fi, F5, F3, ... , are equivalent if, and only if, 
SF = =F’ and My = >M) (3.57) 


If the resultant force R and the resultant couple vector M6 are per- 
pendicular to each other, the force-couple system at O can be further 
reduced to a single resultant force [Sec. 3.20]. This will be the case 
for systems consisting either of (a) concurrent forces (cf. Chap. 2), 
(b) coplanar forces [Sample Probs. 3.8 and 3.9], or (c) parallel forces 
[Sample Prob. 3.11]. If the resultant R and the couple vector Ms 
are not perpendicular to each other, the system cannot be reduced 
to a single force. It can, however, be reduced to a special type 
of force-couple system called a wrench, consisting of the resultant 
R and a couple vector M, directed along R [Sec. 3.21 and Sample 
Prob. 3.12]. 


REVIEW PROBLEMS 


3.147 A crate of mass 80 kg is held in the position shown. Determine 
(a) the moment produced by the weight W of the crate about E, A 
(b) the smallest force applied at B that creates a moment of equal | 
magnitude and opposite sense about E. 


— 0.6m a 0.6m 
a zs 


=> 


ls 


3.148 It is known that the connecting rod AB exerts on the crank BC a 
1.5-kN force directed down and to the left along the centerline of 
AB. Determine the moment of the force about C. 


3.149 A 6-ft-long fishing rod AB is securely anchored in the sand of a 
beach. After a fish takes the bait, the resulting force in the line is 
6 Ib. Determine the moment about A of the force exerted by the 
line at B. 


Fig. P3.147 


Fig. P3.149 


3.150 Ropes AB and BC are two of the ropes used to support a tent. 
The two ropes are attached to a stake at B. If the tension in rope 21. mm 
AB is 540 N, determine (a) the angle between rope AB and the Fig. P3.148 
stake, (b) the projection on the stake of the force exerted by rope 
AB at point B. 


: 


0.08 m-<— oe 


a : x 0.16 m 
Detail of the stake at B 


Fig. P3.150 
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152 Rigid Bodies: Equivalent Systems of Forces 3.151 A farmer uses cables and winch pullers B and E to plumb one side 
of a small barn. If it is known that the sum of the moments about 
the x axis of the forces exerted by the cables on the barn at points 
A and D is equal to 4728 lb - ft, determine the magnitude of Tp; 
when Typ, = 255 Ib. 


3.152 Solve Prob. 3.151 when the tension in cable AB is 306 lb. 


3.153 A wiring harness is made by routing either two or three wires 
around 2-in.-diameter pegs mounted on a sheet of plywood. If the 
force in each wire is 3 lb, determine the resultant couple acting 
on the plywood when a = 18 in. and (a) only wires AB and CD 
are in place, (b) all three wires are in place. 


Fig. P3.151 


Fig. P3.153 


3.154 A worker tries to move a rock by applying a 360-N force to a steel 
bar as shown. (a) Replace that force with an equivalent force- 
couple system at D. (b) Two workers attempt to move the same rock 
by applying a vertical force at A and another force at D. Determine 
these two forces if they are to be equivalent to the single force of 
part a. 


Fig. P3.154 


3.155 A 110-N force acting in a vertical plane parallel to the yz plane 

is applied to the 220-mm-long horizontal handle AB of a socket 
| wrench. Replace the force with an equivalent force-couple system 
Fig. P3.155 at the origin O of the coordinate system. 


3.156 


3.157 


Four ropes are attached to a crate and exert the forces shown. If the 
forces are to be replaced with a single equivalent force applied at a 
point on line AB, determine (a) the equivalent force and the dis- 
tance from A to the point of application of the force when a = 30°, 
(b) the value of a@ so that the single equivalent force is applied at 
point B. 


A blade held in a brace is used to tighten a screw at A. (a) Determine 
the forces exerted at B and C, knowing that these forces are oe 
as to a force- couple system at A consisting of R = —(30 N)i + 

R,j + R-k and My = —(12 N - mii. (b) Find the corresponding 
values ab. R, and R,, (c) a is the orientation of the slot in the 
head of fhe screw for which the blade is least likely to slip when 
the brace is in the position shown? 


Fig. P3.157 


3.158 A concrete foundation mat in the shape of a regular hexagon of 


side 12 ft supports four column loads as shown. Determine the 
magnitudes of the additional loads that must be applied at B and F 
if the resultant of all six loads is to pass through the center of 
the mat. 


y 20 kips 


Fig. P3.158 
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160 lb 


100 lb 


Fig. P3.156 


COMPUTER PROBLEMS 


3.C1 A beam AB is subjected to several vertical forces as shown. Write a 
computer program that can be used to determine the magnitude of the re- 
sultant of the forces and the distance xc to point C, the point where the 
line of action of the resultant intersects AB. Use this program to solve 
(a) Sample Prob. 3.8c, (b) Prob. 3.106a. 


3.€2 Write a computer program that can be used to determine the magnitude 
and the point of application of the resultant of the vertical forces P), Ps, ... 
P,, that act at points Aj, Ay,..., A, that are located in the xz plane. Use this 
program to solve (a) Sample Prob. 3.11, (b) Prob. 3.127, (c) Prob. 3.129. 


Py 


3.€3 A friend asks for your help in designing flower planter boxes. The 
boxes are to have 4, 5, 6, or 8 sides, which are to tilt outward at 10°, 20°, or 
30°. Write a computer program that can be used to determine the bevel angle 
a for each of the twelve planter designs. (Hint: The bevel angle is equal to 
one-half of the angle formed by the inward normals of two adjacent sides.) 


3.C4 The manufacturer of a spool for hoses wants to determine the 
moment of the force F about the axis AA’. The magnitude of the force, in 
newtons, is defined by the relation F = 300(1 — x/L), where x is the length 
of hose wound on the 0.6-m-diameter drum and L is the total length of the 
hose. Write a computer program that can be used to calculate the required 
moment for a hose 30 m long and 50 mm in diameter. Beginning with x = 0, 
compute the moment after every revolution of the drum until the hose is 
wound on the drum. 


Fig. P3.C3 “e1 


Fig. P3.c4 125 mm 
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3.€5 A body is acted upon by a system of n forces. Write a computer 
program that can be used to calculate the equivalent force-couple system 
at the origin of the coordinate axes and to determine, if the equivalent force 
and the equivalent couple are orthogonal, the magnitude and the point of 
application in the xz plane of the resultant of the original force system. Use 
this program to solve (a) Prob. 3.113, (b) Prob. 3.120, (c) Prob. 3.127. 


3.€6 Two cylindrical ducts, AB and CD, enter a room through two parallel 
walls. The centerlines of the ducts are parallel to each other but are not 
perpendicular to the walls. The ducts are to be connected by two flexible 
elbows and a straight center portion. Write a computer program that can 
be used to determine the lengths of AB and CD that minimize the distance 
between the axis of the straight portion and a thermometer mounted on the 
wall at E. Assume that the elbows are of negligible length and that AB 
and CD have centerlines defined by Ayg = (7i — 4j + 4k)/9 and Acp = 
(—Ti + 4j — 4k)/9 and can vary in length from 9 in. to 36 in. 


Fig. P3.C6 


& 


Fig. P3.C5 
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This telecommunications tower, 
constructed in the heart of the 
Barcelona Olympic complex to 
broadcast the 1992 games, was 
designed to remain in equilibrium 
under the vertical force of gravity and 


the lateral forces exerted by wind. 
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Chapter 4 Equilibrium 
of Rigid Bodies 


Introduction 

Free-Body Diagram 
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Statically Indeterminate Reactions. 


Partial Constraints 
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Equilibrium of a Three-Force 
Body 

Equilibrium of a Rigid Body in 
Three Dimensions 

Reactions at Supports and 
Connections for a Three- 
Dimensional Structure 


4.1 INTRODUCTION 


We saw in the preceding chapter that the external forces acting on 
a rigid body can be reduced to a force-couple system at some arbi- 
trary point O. When the force and the couple are both equal to zero, 
the external forces form a system equivalent to zero, and the rigid 
body is said to be in equilibrium. 

The necessary and sufficient conditions for the equilibrium of 
a rigid body, therefore, can be obtained by setting R and M6 equal 
to zero in the relations (3.52) of Sec. 3.17: 


SF=0 SMo=X(r x F)=0 (4.1) 


Resolving each force and each moment into its rectangular 
components, we can express the necessary and sufficient conditions 
for the equilibrium of a rigid body with the following six scalar 
equations: 


The equations obtained can be used to determine unknown forces 
applied to the rigid body or unknown reactions exerted on it by its 
supports. We note that Eqs. (4.2) express the fact that the compo- 
nents of the external forces in the x, y, and z directions are balanced; 
Eqs. (4.3) express the fact that the moments of the external forces 
about the x, y, and z axes are balanced. Therefore, for a rigid body 
in equilibrium, the system of the external forces will impart no trans- 
lational or rotational motion to the body considered. 

In order to write the equations of equilibrium for a rigid body, 
it is essential to first identify all of the forces acting on that body 
and then to draw the corresponding free-body diagram. In this 
chapter we first consider the equilibrium of two-dimensional struc- 
tures subjected to forces contained in their planes and learn how to 
draw their free-body diagrams. In addition to the forces applied to 
a structure, the reactions exerted on the structure by its supports 
will be considered. A specific reaction will be associated with each 
type of support. You will learn how to determine whether the struc- 
ture is properly supported, so that you can know in advance whether 
the equations of equilibrium can be solved for the unknown forces 
and reactions. 

Later in the chapter, the equilibrium of three-dimensional 
structures will be considered, and the same kind of analysis will be 
given to these structures and their supports. 


4.2 FREE-BODY DIAGRAM 


In solving a problem concerning the equilibrium of a rigid body, it 
is essential to consider all of the forces acting on the body; it is 
equally important to exclude any force which is not directly applied 
to the body. Omitting a force or adding an extraneous one would 
destroy the conditions of equilibrium. Therefore, the first step in 
the solution of the problem should be to draw a free-body diagram 
of the rigid body under consideration. Free-body diagrams have 
already been used on many occasions in Chap. 2. However, in view 
of their importance to the solution of equilibrium problems, we 
summarize here the various steps which must be followed in draw- 


ing a free-body diagram. 


1. A clear decision should be made regarding the choice of the 
free body to be used. This body is then detached from the 
ground and is separated from all other bodies. The contour of 
the body thus isolated is sketched. 

2. All external forces should be indicated on the free-body dia- 
gram. These forces represent the actions exerted on the free 
body by the ground and by the bodies which have been 
detached; they should be applied at the various points where 
the free body was supported by the ground or was connected 
to the other bodies. The weight of the free body should also 
be included among the external forces, since it represents the 
attraction exerted by the earth on the various particles forming 
the free body. As will be seen in Chap. 5, the weight should 
be applied at the center of gravity of the body. When the free 
body is made of several parts, the forces the various parts exert 
on each other should not be included among the external 
forces. These forces are internal forces as far as the free body 
is concerned. 

3. The magnitudes and directions of the known external forces 
should be clearly marked on the free-body diagram. When indi- 
cating the directions of these forces, it must be remembered 
that the forces shown on the free-body diagram must be those 
which are exerted on, and not by, the free body. Known exter- 
nal forces generally include the weight of the free body and 
forces applied for a given purpose. 

A. Unknown external forces usually consist of the reactions, 
through which the ground and other bodies oppose a possible 
motion of the free body. The reactions constrain the free body 
to remain in the same position, and, for that reason, are some- 
times called constraining forces. Reactions are exerted at the 
points where the free body is supported by or connected to 
other bodies and should be clearly indicated. Reactions are dis- 
cussed in detail in Secs. 4.3 and 4.8. 

5. The free-body diagram should also include dimensions, since 
these may be needed in the computation of moments of forces. 
Any other detail, however, should be omitted. 
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Photo 4.1 A free-body diagram of the tractor 
shown would include all of the external forces 
acting on the tractor: the weight of the tractor, 
the weight of the load in the bucket, and the 
forces exerted by the ground on the tires. 


Photo 4.2 In Chap. 6, we will discuss how to 
determine the internal forces in structures made of 
several connected pieces, such as the forces in the 
members that support the bucket of the tractor of 
Photo 4.1. 
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Photo 4.3 As the link of the awning window 
opening mechanism is extended, the force it 
exerts on the slider results in a normal force being 
applied to the rod, which causes the window to 
open. 


Photo 4.4 The abutment-mounted rocker 
bearing shown is used to support the roadway 
of a bridge. 


Photo 4.5 Shown is the rocker expansion 

bearing of a plate girder bridge. The convex 

surface of the rocker allows the support of the 
girder to move horizontally. 


4.3 


EQUILIBRIUM IN TWO DIMENSIONS 


REACTIONS AT SUPPORTS AND CONNECTIONS 
FOR A TWO-DIMENSIONAL STRUCTURE 


In the first part of this chapter, the equilibrium of a two-dimensional 
structure is considered; i.e., it is assumed that the structure being 
analyzed and the forces applied to it are contained in the same plane. 
Clearly, the reactions needed to maintain the structure in the same 
position will also be contained in this plane. 


The reactions exerted on a two-dimensional structure can be 


divided into three groups corresponding to three types of supports, 
or connections: 


L 


Reactions Equivalent to a Force with Known Line of Action. 
Supports and connections causing reactions of this type include 
rollers, rockers, frictionless surfaces, short links and cables, col- 
lars on frictionless rods, and frictionless pins in slots. Each of 
these supports and connections can prevent motion in one 
direction only. They are shown in Fig. 4.1, together with the 
reactions they produce. Each of these reactions involves one 
unknown, namely, the magnitude of the reaction; this magni- 
tude should be denoted by an appropriate letter. The line of 
action of the reaction is known and should be indicated clearly 
in the free-body diagram. The sense of the reaction must be 
as shown in Fig. 4.1 for the cases of a frictionless surface 
(toward the free body) or a cable (away from the free body). 
The reaction can be directed either way in the case of double- 
track rollers, links, collars on rods, and pins in slots. Single- 
track rollers and rockers are generally assumed to be reversible, 
and thus the corresponding reactions can also be directed 
either way. 


Reactions Equivalent to a Force of Unknown Direction and 
Magnitude. Supports and connections causing reactions of this 
type include frictionless pins in fitted holes, hinges, and rough 
surfaces. They can prevent translation of the free body in all 
directions, but they cannot prevent the body from rotating 
about the connection. Reactions of this group involve two 
unknowns and are usually represented by their x and y com- 
ponents. In the case of a rough surface, the component normal 
to the surface must be directed away from the surface. 


Reactions Equivalent to a Force and a Couple. These reactions 
are caused by fixed supports, which oppose any motion of the 
free body and thus constrain it completely. Fixed supports actu- 
ally produce forces over the entire surface of contact; these 
forces, however, form a system which can be reduced to a force 
and a couple. Reactions of this group involve three unknowns, 
consisting usually of the two components of the force and the 
moment of the couple. 


4.3 Reactions at Supports and Connections for 161 
a Two-Dimensional Structure 


‘ ps ‘ Number of 
Support or Connection Reaction Unknowns 
—— 
56 Rock Frictionless Force with known 
Rollers oa surface line of action 


K= 1 


Short cable Short link Force with known 
line of action 


/ 
/ 
90° 7 


7 1 
/ 


/ 
Force with known 
line of action 


Collar on 
frictionless rod 


| iy, 


Frictionless pin Rough surface Force of unknown 
or hinge direction 


[wel 


Fixed support 


Frictionless pin in slot 


Force and couple 


Fig. 4.1 Reactions at supports and connections. 


When the sense of an unknown force or couple is not readily 
apparent, no attempt should be made to determine it. Instead, the 
sense of the force or couple should be arbitrarily assumed; the sign 
of the answer obtained will indicate whether the assumption is cor- 
rect or not. 


162 


Equilibrium of Rigid Bodies 


4.4 EQUILIBRIUM OF A RIGID BODY 
IN TWO DIMENSIONS 


The conditions stated in Sec. 4.1 for the equilibrium of a rigid body 
become considerably simpler for the case of a two-dimensional struc- 
ture. Choosing the x and y axes to be in the plane of the structure, 
we have 


F,=0 M,=M,= M, = Mo 


for each of the forces applied to the structure. Thus, the six equa- 
tions of equilibrium derived in Sec. 4.1 reduce to 

SF,=0 SF,=0 3M =0 (4.4) 
and to three trivial identities, 0 = 0. Since Mo = O must be satis- 
fied regardless of the choice of the origin O, we can write the equa- 
tions of equilibrium for a two-dimensional structure in the more 
general form 


LF, = 0 LF, = 0 2M, = 0 (4.5) 


where A is any point in the plane of the structure. The three equa- 
tions obtained can be solved for no more than three unknowns. 

We saw in the preceding section that unknown forces include 
reactions and that the number of unknowns corresponding to a given 
reaction depends upon the type of support or connection causing 
that reaction. Referring to Sec. 4.3, we observe that the equilibrium 
equations (4.5) can be used to determine the reactions associated 
with two rollers and one cable, one fixed support, or one roller and 
one pin in a fitted hole, etc. 

Consider Fig. 4.2a, in which the truss shown is subjected to 
the given forces P, Q, and S. The truss is held in place by a pin at 
A and a roller at B. The pin prevents point A from moving by exert- 
ing on the truss a force which can be resolved into the components 
A, and A,; the roller keeps the truss from rotating about A by exert- 
ing the vertical force B. The free-body diagram of the truss is shown 
in Fig. 4.2b; it includes the reactions A,, A,, and B as well as the 
applied forces P, Q, S and the weight W of the truss. Expressing 
that the sum of the moments about A of all of the forces shown 
in Fig. 4.2b is zero, we write the equation 2M, = 0, which can be 
used to determine the magnitude B since it does not contain A, or A,. 
Next, expressing that the sum of the x components and the sum 
of the y components of the forces are zero, we write the equations 
=F, = 0 and =F, = 0, from which we can obtain the components 
A, and A,, respectively. 

An additional equation could be obtained by expressing that 
the sum of the moments of the external forces about a point other than 
A is zero. We could write, for instance, ©Mz = 0. Such a statement, 
however, does not contain any new information, since it has already 
been established that the system of the forces shown in Fig. 4.2b is 
equivalent to zero. The additional equation is not independent and 
cannot be used to determine a fourth unknown. It will be useful, 


however, for checking the solution obtained from the original three 
equations of equilibrium. 

While the three equations of equilibrium cannot be augmented 
by additional equations, any of them can be replaced by another 
equation. Therefore, an alternative system of equations of equilib- 
rium is 


SF.=0  SM,=0 SM; =0 (4.6) 


where the second point about which the moments are summed (in 
this case, point B) cannot lie on the line parallel to the y axis that 
passes through point A (Fig. 4.2b). These equations are sufficient 
conditions for the equilibrium of the truss. The first two equations 
indicate that the external forces must reduce to a single vertical force 
at A. Since the third equation requires that the moment of this 
force be zero about a point B which is not on its line of action, the 
force must be zero, and the rigid body is in equilibrium. 
A third possible set of equations of equilibrium is 


=M,=0 =M,=0 >M,=0 (4.7) 


where the points A, B, and C do not lie in a straight line (Fig. 4.2b). 
The first equation requires that the external forces reduce to a single 
force at A; the second equation requires that this force pass through 
B; and the third equation requires that it pass through C. Since the 
points A, B, C do not lie in a straight line, the force must be zero, 
and the rigid body is in equilibrium. 

The equation 2M, = 0, which expresses that the sum of the 
moments of the forces about pin A is zero, possesses a more defi- 
nite physical meaning than either of the other two equations (4.7). 
These two equations express a similar idea of balance, but with 
respect to points about which the rigid body is not actually hinged. 
They are, however, as useful as the first equation, and our choice 
of equilibrium equations should not be unduly influenced by the 
physical meaning of these equations. Indeed, it will be desirable in 
practice to choose equations of equilibrium containing only one 
unknown, since this eliminates the necessity of solving simultaneous 
equations. Equations containing only one unknown can be obtained 
by summing moments about the point of intersection of the lines 
of action of two unknown forces or, if these forces are parallel, by 
summing components in a direction perpendicular to their com- 
mon direction. For example, in Fig. 4.3, in which the truss shown 
is held by rollers at A and B and a short link at D, the reactions at 
A and B can be eliminated by summing x components. The reac- 
tions at A and D will be eliminated by summing moments about 
C, and the reactions at B and D by summing moments about D. 
The equations obtained are 


=F, = 0 =Mc = 0 =Mp =0 


Each of these equations contains only one unknown. 


4.4 Equilibrium of a Rigid Body in 


Two Dimensions 


Fig. 4.3 
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Fig. 4.4 Statically indeterminate 
reactions. 


Fig. 4.5 Partial constraints. 


4.5 STATICALLY INDETERMINATE REACTIONS. 
PARTIAL CONSTRAINTS 


In the two examples considered in the preceding section (Figs. 4.2 
and 4.3), the types of supports used were such that the rigid body 
could not possibly move under the given loads or under any other 
loading conditions. In such cases, the rigid body is said to be com- 
pletely constrained. We also recall that the reactions corresponding 
to these supports involved three unknowns and could be determined 
by solving the three equations of equilibrium. When such a situation 
exists, the reactions are said to be statically determinate. 

Consider Fig. 4.4a, in which the truss shown is held by pins at 
A and B. These supports provide more constraints than are necessary 
to keep the truss from moving under the given loads or under any 
other loading conditions. We also note from the free-body diagram 
of Fig. 4.4b that the corresponding reactions involve four unknowns. 
Since, as was pointed out in Sec. 4.4, only three independent equi- 
librium equations are available, there are more unknowns than equa- 
tions; thus, all of the unknowns cannot be determined. While the 
equations 2M, = 0 and =Mz = 0 yield the vertical components B, 
and A,, respectively, the equation =F, = 0 gives only the sum A, + B, 
of the horizontal components of the reactions at A and B. The com- 
ponents A, and B, are said to be statically indeterminate. They could 
be determined by considering the deformations produced in the 
truss by the given loading, but this method is beyond the scope of 
statics and belongs to the study of mechanics of materials. 

The supports used to hold the truss shown in Fig. 4.5a consist of 
rollers at A and B. Clearly, the constraints provided by these supports are 
not sufficient to keep the truss from moving. While any vertical motion 
is prevented, the truss is free to move horizontally. The truss is said to 
be partially constrained. + Turning our attention to Fig. 4.5b, we note that 
the reactions at A and B involve only two unknowns. Since three equa- 
tions of equilibrium must still be satisfied, there are fewer unknowns than 
equations, and, in general, one of the equilibrium equations will not be 
satisfied. While the equations 2M, = 0 and 2Mz = 0 can be satisfied by 
a proper choice of reactions at A and B, the equation =F, = 0 will not be 
satisfied unless the sum of the horizontal components of the applied forces 
happens to be zero. We thus observe that the equlibrium of the truss 
of Fig. 4.5 cannot be maintained under general loading conditions. 

It appears from the above that if a rigid body is to be com- 
pletely constrained and if the reactions at its supports are to be 
statically determinate, there must be as many unknowns as there are 
equations of equilibrium. When this condition is not satisfied, we can 
be certain that either the rigid body is not completely constrained 
or that the reactions at its supports are not statically determinate; it 
is also possible that the rigid body is not completely constrained and 
that the reactions are statically indeterminate. 

We should note, however, that, while necessary, the above con- 
dition is not sufficient. In other words, the fact that the number of 


tPartially constrained bodies are often referred to as unstable. However, to avoid confusion 
between this type of instability, due to insufficient constraints, and the type of instability 
considered in Chap. 10, which relates to the behavior of a rigid body when its equilibrium 
is disturbed, we shall restrict the use of the words stable and unstable to the latter case. 


unknowns is equal to the number of equations is no guarantee that 
the body is completely constrained or that the reactions at its supports 
are statically determinate. Consider Fig. 4.6a, in which the truss 
shown is held by rollers at A, B, and E. While there are three unknown 
reactions, A, B, and E (Fig. 4.6b), the equation =F, = 0 will not be 
satisfied unless the sum of the horizontal components of the applied 
forces happens to be zero. Although there are a sufficient number of 
constraints, these constraints are not properly arranged, and the truss 
is free to move horizontally. We say that the truss is improperly con- 
strained. Since only two equilibrium equations are left for determin- 
ing three unknowns, the reactions will be statically indeterminate. 
Thus, improper constraints also produce static indeterminacy. 

Another example of improper constraints—and of static inde- 
terminacy—is provided by the truss shown in Fig. 4.7. This truss is 
held by a pin at A and by rollers at B and C, which altogether involve 
four unknowns. Since only three independent equilibrium equations 
are available, the reactions at the supports are statically indetermi- 
nate. On the other hand, we note that the equation 2M, = 0 cannot 
be satisfied under general loading conditions, since the lines of action 
of the reactions B and C pass through A. We conclude that the truss 
can rotate about A and that it is improperly constrained. ft 

The examples of Figs. 4.6 and 4.7 lead us to conclude that a rigid 
body is improperly constrained whenever the supports, even though 
they may provide a sufficient number of reactions, are arranged in such 
a way that the reactions must be either concurrent or parallel.} 

In summary, to be sure that a two-dimensional rigid body is com- 
pletely constrained and that the reactions at its supports are statically 
determinate, we should verify that the reactions involve three—and only 
three—unknowns and that the supports are arranged in such a way that 
they do not require the reactions to be either concurrent or parallel. 

Supports involving statically indeterminate reactions should be 
used with care in the design of structures and only with a full knowl- 
edge of the problems they may cause. On the other hand, the analysis 
of structures possessing statically indeterminate reactions often can 
be partially carried out by the methods of statics. In the case of the 
truss of Fig. 4.4, for example, the vertical components of the reactions 
at A and B were obtained from the equilibrium equations. 

For obvious reasons, supports producing partial or improper 
constraints should be avoided in the design of stationary structures. 
However, a partially or improperly constrained structure will not nec- 
essarily collapse; under particular loading conditions, equilibrium can 
be maintained. For example, the trusses of Figs. 4.5 and 4.6 will be 
in equilibrium if the applied forces P, Q, and S are vertical. Besides, 
structures which are designed to move should be only partially con- 
strained. A railroad car, for instance, would be of little use if it were 
completely constrained by having its brakes applied permanently. 


Rotation of the truss about A requires some “play” in the supports at B and C. In 
practice such play will always exist. In addition, we note that if the play is kept small, the 
displacements of the rollers B and C and, thus, the distances from A to the lines of action of 
the reactions B and C will also be small. The equation 2M, = 0 then requires that B and 
C be very large, a situation which can result in the failure of the supports at B and C. 


{Because this situation arises from an inadequate arrangement or geometry of the 
supports, it is often referred to as geometric instability. 


4.5 Statically Indeterminate Reactions. 
Partial Constraints 


Fig. 4.6 Improper constraints. 


(b) 


Fig. 4.7 Improper constraints. 
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SAMPLE PROBLEM 4.1 


A fixed crane has a mass of 1000 kg and is used to lift a 2400-kg crate. It 
is held in place by a pin at A and a rocker at B. The center of gravity of 
the crane is located at G. Determine the components of the reactions at A 
and B. 


SOLUTION 


Free-Body Diagram. A free-body diagram of the crane is drawn. By mul- 
tiplying the masses of the crane and of the crate by g = 9.81 m/s”, we obtain 
the corresponding weights, that is, 9810 N or 9.81 kN, and 23 500 N or 
23.5 kN. The reaction at pin A is a force of unknown direction; it is repre- 
sented by its components A, and A,. The reaction at the rocker B is per- 
pendicular to the rocker surface; thus, it is horizontal. We assume that A,, 
A,, and B act in the directions shown. 


Determination of B. We express that the sum of the moments of all external 
forces about point A is zero. The equation obtained will contain neither A, 
nor A,, since the moments of A, and A, about A are zero. Multiplying the 
magnitude of each force by its perpendicular distance from A, we write 


+hXM, = 0: +B(1.5 m) — (9.81 kN)(2 m) — (23.5 kN)(6 m) = 0 
B = +107.1 kN B=1071kN—> <4 


Since the result is positive, the reaction is directed as assumed. 


Determination of A,. The magnitude of A, is determined by expressing 
that the sum of the horizontal components of all external forces is zero. 


+S>F, = 0: A, + B=0 
A, + 107.1 kN = 0 
A, = —107.1 kN Aarau NE 


y= 7 


Since the result is negative, the sense of A, is opposite to that assumed 
originally. 
Determination of Ay. The sum of the vertical components must also equal 
ZeYO. 
+75F,=0: Ay — 9.81 kN — 23.5 kN = 0 
Ay =) 3393 kN A, = 88183 IRN if < 

Adding vectorially the components A, and A,, we find that the reac- 

tion at A is 112.2 kN N17.3°. 


Check. The values obtained for the reactions can be checked by recalling 
that the sum of the moments of all of the external forces about any point 
must be zero. For example, considering point B, we write 


+5\2Mz = —(9.81 kN)(2 m) — (23.5 kN)(6 m) + (107.1 kN)(1.5 m) = 0 


|" ae Pe SAMPLE PROBLEM 4.2 


Three loads are applied to a beam as shown. The beam is supported by a 
A | B | | roller at A and by a pin at B. Neglecting the weight of the beam, determine 


the reactions at A and B when P = 15 kips. 
oe 


Opto ptt 


SOLUTION 


|? kips 6 | Ie kips  Free-Body Diagram. A free-body diagram of the beam is drawn. The reac- 

tion at A is vertical and is denoted by A. The reaction at B is represented 
by components B, and B,. Each component is assumed to act in the direc- 
tion shown. 


B : 
A 
B, Equilibrium Equations. We write the following three equilibrium equa- 
[ a 6 ft ale L. tions and solve for the reactions indicated: 
3 ft Brie as 
Sp 0: B= 0 B,=-0 < 
+5=M. yaa 0: 


—(15 kips)(3 ft) + B,(9 ft) — (6 kips)(11 ft) — (6 kips)(13 ft) = 0 
B,=+210kips B,=210kipst < 


+5=Mz = 0: 
—A(9 ft) + (15 kips)(6 ft) — (6 kips)(2 ft) — (6 kips)(4 ft) = 0 
A = +6.00 kips A=6.00kips? <4 


Check. The results are checked by adding the vertical components of all 
of the external forces: 


+*ZF, = +6.00 kips — 15 kips + 21.0 kips — 6 kips — 6 kips = 0 


Remark. In this problem the reactions at both A and B are vertical; how- 
ever, these reactions are vertical for different reasons. At A, the beam is 
supported by a roller; hence the reaction cannot have any horizontal com- 
ponent. At B, the horizontal component of the reaction is zero because it 
must satisfy the equilibrium equation =F, = 0 and because none of the 
other forces acting on the beam has a horizontal component. 

We could have noticed at first glance that the reaction at B was verti- 
cal and dispensed with the horizontal component B,. This, however, is a bad 
practice. In following it, we would run the risk of forgetting the component 
B, when the loading conditions require such a component (i.e., when a 
horizontal load is included). Also, the component B, was found to be zero 
by using and solving an equilibrium equation, =F, = 0. By setting B, equal 
to zero immediately, we might not realize that we actually make use of this 
equation and thus might lose track of the number of equations available for 
solving the problem. 
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SAMPLE PROBLEM 4.3 


A loading car is at rest on a track forming an angle of 25° with the vertical. 
The gross weight of the car and its load is 5500 Ib, and it is applied at a 
point 30 in. from the track, halfway between the two axles. The car is held 
by a cable attached 24 in. from the track. Determine the tension in the 
cable and the reaction at each pair of wheels. 


SOLUTION 


Free-Body Diagram. A free-body diagram of the car is drawn. The reac- 
tion at each wheel is perpendicular to the track, and the tension force T is 
parallel to the track. For convenience, we choose the x axis parallel to the 
track and the y axis perpendicular to the track. The 5500-lb weight is then 
resolved into x and y components. 


W,. = +(5500 Ib) cos 25° = +4980 Ib 


W, = —(5500 Ib) sin 25° = —2320 Ib 


Equilibrium Equations. We take moments about A to eliminate T and R, 
from the computation. 


+55M, = 0:  —(2320 Ib)(25 in.) — (4980 Ib)(6 in.) + Ro(50 in.) = 0 
R, = +1758 lb R, = 1758lb7 < 


Now, taking moments about B to eliminate T and R, from the computation, 
we write 


+5ZM,z = 0: — (2320 Ib)(25 in.) — (4980 Ib)(6 in.) — R,(50 in.) = 0 
R, = +562 Ib R, = +562 lb” < 


The value of T is found by writing 


N+ ZF, = 0: +4980 lb — T = 0 
T = +4980 Ib T = 4980 bN <4 


The computed values of the reactions are shown in the adjacent sketch. 
Check. The computations are verified by writing 
Tare, = +562 lb + 1758 Ib — 2320 Ib = 0 


The solution could also have been checked by computing moments about 
any point other than A or B. 
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SAMPLE PROBLEM 4.4 


The frame shown supports part of the roof of a small building. Knowing that 
the tension in the cable is 150 kN, determine the reaction at the fixed end E. 


SOLUTION 


Free-Body Diagram. A free-body diagram of the frame and of the cable BDF 
is drawn. The reaction at the fixed end E is represented by the force compo- 
nents E, and E, and the couple Mz. The other forces acting on the free body 
are the four 20-kN loads and the 150-kN force exerted at end F of the cable. 


Equilibrium Equations. Noting that DF = V(4.5 m)? + (6m)? = 7.5 m, 
we write 


i= 0: E, + =? (150 kN) = 0 

EF, = —90.0 kN E,=90.0kN<c <4 
+ 2F, = 0: E, — 4(20 kN) - e150 kN) = 0 

E, = +200 kN E,=200kNt < 
+)2Mp = 0: (20 kN)(7.2 m) + (20 kN)(5.4 m) + (20 kN)(3.6 m) 


+ (20 kN)(1.8 m) — ==(150 kN)(4.5 m) + Mz = 0 


Mz = +180.0 kN +m M,; = 180.0kN-m 4 


SAMPLE PROBLEM 4.5 


A 400-lb weight is attached at A to the lever shown. The constant of the 
spring BC is k = 250 lb/in., and the spring is unstretched when 6 = 0. 
Determine the position of equilibrium. 


SOLUTION 


Free-Body Diagram. We draw a free-body diagram of the lever and 
cylinder. Denoting by s the deflection of the spring from its undeformed 
position, and noting that s = r@, we have F = ks = kr. 


Equilibrium Equation. Summing the moments of W and F about O, we write 


k 2 
+1SMo=0:  WisnO—xkrd)=0 smo= cat 
Substituting the given data, we obtain 
(250 Ib/in.)(3 in.)? 5 ane 
sm” ~~ (400 Ib) (8 in.) ee 
Solving by trial and error, we find = 0 6 = 80.37 <4 
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SOLVING PROBLEMS 
ON TOUR OWN 


boas saw that the external forces acting on a rigid body in equilibrium form a 
system equivalent to zero. To solve an equilibrium problem your first task is 
to draw a neat, reasonably large free-body diagram on which you will show all 
external forces. Both known and unknown forces must be included. 


For a two-dimensional rigid body, the reactions at the supports can involve one, 
two, or three unknowns depending on the type of support (Fig. 4.1). For the suc- 
cessful solution of a problem, a correct free-body diagram is essential. Never pro- 
ceed with the solution of a problem until you are sure that your free-body diagram 
includes all loads, all reactions, and the weight of the body (if appropriate). 


1. You can write three equilibrium equations and solve them for three unknowns. 
The three equations might be 


SF.=0 SF,=0 Mo =0 


y 
However, there are usually several sets of equations that you can write, such as 
=F, = 0 =M, = 0 =Mz = 0 


where point B is chosen in such a way that the line AB is not parallel to the y 
axis, Or 


where the points A, B, and C do not lie in a straight line. 


2. To simplify your solution, it may be helpful to use one of the following solu- 
tion techniques if applicable. 
a. By summing moments about the point of intersection of the lines of 
action of two unknown forces, you will obtain an equation in a single unknown. 
b. By summing components in a direction perpendicular to two unknown 
parallel forces, you will obtain an equation in a single unknown. 


3. After drawing your free-body diagram, you may find that one of the fol- 
lowing special situations exists. 

a. The reactions involve fewer than three unknowns; the body is said to be 
partially constrained and motion of the body is possible. 

b. The reactions involve more than three unknowns; the reactions are said 
to be statically indeterminate. While you may be able to calculate one or two 
reactions, you cannot determine all of the reactions. 

c. The reactions pass through a single point or are parallel; the body is 
said to be improperly constrained and motion can occur under a general loading 
condition. 


PROBLEMS 


4.1 A 2100-Ib tractor is used to lift 900 lb of gravel. Determine the 
reaction at each of the two (a) rear wheels A, (b) front wheels B. 


900 Ib 


A 
20in. 40in. 50 in. 
Fig. P4.1 


4.2 A gardener uses a 60-N wheelbarrow to transport a 250-N bag of 
fertilizer. What force must she exert on each handle? 


Fig. P4.2 


4.3 The gardener of Prob. 4.2 wishes to transport a second 250-N bag 
of fertilizer at the same time as the first one. Determine the maxi- 
mum allowable horizontal distance from the axle A of the wheel- 
barrow to the center of gravity of the second bag if she can hold 
only 75 N with each arm. 


4.4 For the beam and loading shown, determine (a) the reaction at A, 
(b) the tension in cable BC. 


15lb  201b 35 | 20 | | Ib 


|_| 


| + 
6 in: 8 in. Hi 


Gin| 


Fig. P4.4 
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6 in. 8 in. 
Fig. P4.7 
50 N 100 N 150 N 
| @ 
A 
B 
a+ 

450 mm 450 mm 

Fig. P4.9 


Fig. P4.12 and P4.13 


4.5 Two crates, each of mass 350 kg, are placed as shown in the bed 
of a 1400-kg pickup truck. Determine the reactions at each of the 
two (a) rear wheels A, (b) front wheels B. 


Fig. P4.5 


4.6 Solve Prob. 4.5, assuming that crate D is removed and that the 
position of crate C is unchanged. 


4.7 A T-shaped bracket supports the four loads shown. Determine the 
reactions at A and B (a) if a = 10 in., (b) if a = 7 in. 


4.8 For the bracket and loading of Prob. 4.7, determine the smallest 
distance a if the bracket is not to move. 


4.9 The maximum allowable value of each of the reactions is 180 N. 
Neglecting the weight of the beam, determine the range of the 
distance d for which the beam is safe. 


4.10 Solve Prob. 4.9 if the 50-N load is replaced by an 80-N load. 


4.11 For the beam of Sample Prob. 4.2, determine the range of values 
of P for which the beam will be safe, knowing that the maximum 
allowable value of each of the reactions is 30 kips and that the 
reaction at A must be directed upward. 


4.12 The 10-m beam AB rests upon, but is not attached to, supports at 
C and D. Neglecting the weight of the beam, determine the range 
of values of P for which the beam will remain in equilibrium. 


4.13 The maximum allowable value of each of the reactions is 50 kN, 
and each reaction must be directed upward. Neglecting the weight 
of the beam, determine the range of values of P for which the 
beam is safe. 


4.14 For the beam and loading shown, determine the range of the dis- 
tance a for which the reaction at B does not exceed 100 Ib down- 
ward or 200 Ib upward. 


300 Ib 300 Ib 
l a 6 in. 


ea 


4.15 Two links AB and DE are connected by a bell crank as shown. Problems 173 
Knowing that the tension in link AB is 720 N, determine (a) the 
tension in link DE, (b) the reaction at C. 
‘lp 
> 


80 mm 120 mm 
B 


- 


90 mm 


Fig. P4.15 and P4.16 


4.16 Two links AB and DE are connected by a bell crank as shown. 
Determine the maximum force that can be safely exerted by link 
AB on the bell crank if the maximum allowable value for the reac- 
tion at C is 1600 N. 


4.17 The required tension in cable AB is 200 lb. Determine (a) the 
vertical force P that must be applied to the pedal, (b) the corre- 
sponding reaction at C. 


4.18 Determine the maximum tension that can be developed in cable 
AB if the maximum allowable value of the reaction at C is 250 lb. 


4.19 The bracket BCD is hinged at C and attached to a control cable 


at B. For the loading shown, determine (a) the tension in the cable, A 
(b) the reaction at C. Fig. P4.17 and P4.18 
240 N 240 N 
| D 
, Jf. 0.4m i 0.4m 
0.24 m 
Fig. P4.19 


4.20 Solve Prob. 4.19, assuming that a = 0.32 m. 


4.21 Determine the reactions at A and B when (a) h = 0, (b) h = 200 mm. 


|<-250 mm il cas mm 4 


| " N 
300 mm 
@A G 
on B 


@ 


Fig. P4.21 


4.22 For the frame and loading shown, determine the reactions at A 
and E when (a) a = 30°, (b) a = 45°. Fig. P4.22 
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Fig. P4.25 


/~ 250 mm 


‘7 


250 mm 


Fig. P4.28 


4.23 and 4.24 For each of the plates and loadings shown, determine 


the reactions at A and B. 
| 50 lb 
Ain. 
— > 


50 Ib 
Ain. 
40 Ib | 
Sy 


40 Ib 
| | 
10 in. 10 in. 
A ve = L A os 30° 
<x 20 in >| x 20 in. >| 
(a) (b) 
Fig. P4.23 
50 Ib 50 Ib 
4 in. 4in. 
40 lb | 40 Ib ae) 
10 in. 10 in. 
s A, wpa A 
Ix 20 in. >| L- 20 in. >| 
(a) (b) 


Fig. P4.24 


4.25 Determine the reactions at A and B when (a) a = 0, (b) a = 90°, 


(c) a = 30°. 

4.26 A rod AB, hinged at A and attached at B to cable BD, supports 
the loads shown. Knowing that d = 200 mm, determine (a) the 
tension in cable BD, (b) the reaction at A. 

ie d | 
100 mm 
90 N _y 
zt 90 N B 
K-100 mm 100 mm ne 100 mm | 
Fig. P4.26 and P4.27 

4.27 A rod AB, hinged at A and attached at B to cable BD, supports 
the loads shown. Knowing that d = 150 mm, determine (a) the 
tension in cable BD, (b) the reaction at A. 

4.28 A lever AB is hinged at C and attached to a control cable at A. If 


the lever is subjected to a 500-N horizontal force at B, determine 
(a) the tension in the cable, (b) the reaction at C. 


4.29 A force P of magnitude 280 lb is applied to member ABCD, which Problems 175 
is supported by a frictionless pin at A and by the cable CED. Since 
the cable passes over a small pulley at E, the tension may be 
assumed to be the same in portions CE and ED of the cable. For 
the case when a = 3 in., determine (a) the tension in the cable, 
(b) the reaction at A. 


4.30 Neglecting friction, determine the tension in cable ABD and the 
reaction at support C. 
B D 
re \ 
250 mm 
120 N 
E 
Cc Leas 12 in-——~+ 
tr 7 
ry | “es Fig. P4.29 


100mm =: 100 mm 
Fig. P4.30 


4.31 Rod ABC is bent in the shape of an arc of circle of radius R. Know- 
ing that @ = 30°, determine the reaction (a) at B, (b) at C. 


4.32 Rod ABC is bent in the shape of an arc of circle of radius R. Know- 
ing that @ = 60°, determine the reaction (a) at B, (b) at C. 


4.33 Neglecting friction, determine the tension in cable ABD and the 
reaction at C when @ = 60°. 


Fig. P4.31 and P4.32 


Ld 


Fig. P4.33 and P4.34 


4.34 Neglecting friction, determine the tension in cable ABD and the 
reaction at C when @ = 45°. 


176 Equilibrium of Rigid Bodies 4.35 A light rod AD is supported by frictionless pegs at B and C and 
rests against a frictionless wall at A. A vertical 120-lb force is 
applied at D. Determine the reactions at A, B, and C. 


4.36 A light bar AD is suspended from a cable BE and supports a 50-lb 
block at C. The ends A and D of the bar are in contact with fric- 
tionless vertical walls. Determine the tension in cable BE and the 


2 ‘ 
120 Ib reactions at A and D. 


Fig. P4.35 


Fig. P4.36 


4.37 Bar AC supports two 400-N loads as shown. Rollers at A and C 
rest against frictionless surfaces and a cable BD is attached at B. 
Determine (a) the tension in cable BD, (b) the reaction at A, 
(c) the reaction at C. 


100 mm 


150 mm 
x 500 mm >| 


Fig. P4.37 


4.38 Determine the tension in each cable and the reaction at D. 


K-100 mm 100 mm —><-100 mm >| 


Fig. P4.38 


4.39 


4.40 


4.41 


4.42 


4.43 


en Pte poe | 


A 


Two slots have been cut in plate DEF, and the plate has been 
placed so that the slots fit two fixed, frictionless pins A and B. 
Knowing that P = 15 lb, determine (a) the force each pin exerts 
on the plate, (b) the reaction at F. 


4in. 4in. 7 in. 2 ai 
F 
om 
A 


P D | 130° 3 a 


Fig. P4.39 


For the plate of Prob. 4.39 the reaction at F must be directed 
downward, and its maximum allowable value is 20 Ib. Neglecting 
friction at the pins, determine the required range of values of P. 


Bar AD is attached at A and C to collars that can move freely on 
the rods shown. If the cord BE is vertical (@ = 0), determine the 
tension in the cord and the reactions at A and C. 


Fig. P4.41 


Solve Prob. 4.41 if the cord BE is parallel to the rods (a = 30°). 


An 8-kg mass can be supported in the three different ways shown. 
Knowing that the pulleys have a 100-mm radius, determine the 
reaction at A in each case. 


B B 


A A 


(a) (b) (c) 


Fig. P4.43 
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4.44 A tension of 5 |b is maintained in a tape as it passes through the 
support system shown. Knowing that the radius of each pulley is 
0.4 in., determine the reaction at C. 


3 in. 3 in. =| 


Fig. P4.44 


4.45 Solve Prob. 4.44, assuming that 0.6-in.-radius pulleys are used. 


4.46 A 6-m telephone pole weighing 1600 N is used to support the ends 
of two wires. The wires form the angles shown with the horizontal 
and the tensions in the wires are, respectively, T, = 600 N and 
T, = 375 N. Determine the reaction at the fixed end A. 


10° 
df 


T, 


Fig. P4.46 


4.47 Beam AD carries the two 40-lb loads shown. The beam is held by 
a fixed support at D and by the cable BE that is attached to the 
counterweight W. Determine the reaction at D when (a) W = 100 lb, 
(b) W = 90 lb. 


B 
40 lb 40 lb 


Le 4 ft ie 4 ft—> 
Fig. P4.47 and P4.48 


4.48 For the beam and loading shown, determine the range of values 
of W for which the magnitude of the couple at D does not exceed 
40 |b - ft. 


4.49 


4.50 


4.51 


4.52 


4.53 


4.54 


Knowing that the tension in wire BD is 1300 N, determine the 
reaction at the fixed support C of the frame shown. 


Determine the range of allowable values of the tension in wire BD 
if the magnitude of the couple at the fixed support C is not to 
exceed 100 N+ m. 


A vertical load P is applied at end B of rod BC. (a) Neglecting the 
weight of the rod, express the angle @ corresponding to the equilib- 
rium position in terms of P, 1, and the counterweight W. (b) Deter- 
mine the value of @ corresponding to equilibrium if P = 2W. 


Fig. P4.51 


A slender rod AB, of weight W, is attached to blocks A and B, which 
move freely in the guides shown. The blocks are connected by an 
elastic cord that passes over a pulley at C. (a) Express the tension 
in the cord in terms of W and @. (b) Determine the value of 0 for 
which the tension in the cord is equal to 3W. 


Rod AB is acted upon by a couple M and two forces, each of 
magnitude P. (a) Derive an equation in 0, P, M, and / that must 
be satisfied when the rod is in equilibrium. (b) Determine the 
value of 6 corresponding to equilibrium when M = 150 N - m, 
P = 200 N, and/ = 600 mm. 


Fig. P4.53 


Rod AB is attached to a collar at A and rests against a small roller 
at C. (a) Neglecting the weight of rod AB, derive an equation in 
P, Q, a, l, and 6 that must be satisfied when the rod is in equilib- 
rium. (b) Determine the value of @ corresponding to equilibrium 
when P = 16 lb, Q = 12 lb, / = 20 in, anda = 5 in. 


750 N 


Fig. P4.49 and P4.50 


Fig. P4.52 


Fig. P4.54 
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ww ‘ 
Ya 
B 
Fig. P4.55 


Fig. P4.58 


4.55 


4.56 


4.57 


4.58 


4.59 


A collar B of weight W can move freely along the vertical rod shown. 
The constant of the spring is k, and the spring is unstretched when 
@ = 0. (a) Derive an equation in 0, W, k, and / that must be satisfied 
when the collar is in equilibrium. (b) Knowing that W = 300 N, 
1 = 500 mm, and k = 800 N/m, determine the value of @ corre- 
sponding to equilibrium. 


A vertical load P is applied at end B of rod BC. The constant of 
the spring is k, and the spring is unstretched when @ = 90°. 
(a) Neglecting the weight of the rod, express the angle @ corre- 
sponding to equilibrium in terms of P, k, and /. (b) Determine the 
value of 6 corresponding to equilibrium when P = kl. 


Fig. P4.56 


Solve Sample Prob. 4.5, assuming that the spring is unstretched 
when @ = 90°. 


A slender rod AB, of weight W, is attached to blocks A and B that 
move freely in the guides shown. The constant of the spring is k, 
and the spring is unstretched when 0 = 0. (a) Neglecting the weight 
of the blocks, derive an equation in W, k, J, and @ that must be 
satisfied when the rod is in equilibrium. (b) Determine the value 
of 6 when W = 75 lb, 1 = 30 in., and k = 3 Ib/in. 


Eight identical 500 < 750-mm rectangular plates, each of mass 
m = 40 kg, are held in a vertical plane as shown. All connections 
consist of frictionless pins, rollers, or short links. In each case, 
determine whether (a) the plate is completely, partially, or improp- 
erly constrained, (b) the reactions are statically determinate or 
indeterminate, (c) the equilibrium of the plate is maintained in the 
position shown. Also, wherever possible, compute the reactions. 


\ ok 


Zh 


erp —— ‘aul 
DC | ] 

A B t } 

ve 1 2 3 


a H aa 
5 wea lo 7 


4.60 The bracket ABC can be supported in the eight different ways 
shown. All connections consist of smooth pins, rollers, or short 
links. For each case, answer the questions listed in Prob. 4.59, and, 
wherever possible, compute the reactions, assuming that the mag- 
nitude of the force P is 100 lb. 
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Fig. P4.60 


4.6 EQUILIBRIUM OF A TWO-FORCE BODY 


A particular case of equilibrium which is of considerable interest is 
that of a rigid body subjected to two forces. Such a body is commonly 
called a two-force body. It will be shown that if a two-force body is 
in equilibrium, the two forces must have the same magnitude, the 
same line of action, and opposite sense. 

Consider a corner plate subjected to two forces F, and Fy act- 
ing at A and B, respectively (Fig. 4.8a). If the plate is to be in equi- 
librium, the sum of the moments of F, and F, about any axis must 
be zero. First, we sum moments about A. Since the moment of F, 
is obviously zero, the moment of F; must also be zero and the line 
of action of Fz must pass through A (Fig. 4.8). Summing moments 
about B, we prove similarly that the line of action of F, must pass 
through B (Fig. 4.8c). Therefore, both forces have the same line of 
action (line AB). From either of the equations =F, = 0 and =F, = 0 
it is seen that they must also have the same magnitude but opposite 


sense. 


4.6 Equilibrium of a Two-Force Body 
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F, ‘A 


(a) 
Fig. 4.8 (repeated) 


If several forces act at two points A and B, the forces acting at 
A can be replaced by their resultant F; and those acting at B can be 
replaced by their resultant F;. Thus a two-force body can be more 
generally defined as a rigid body subjected to forces acting at only 
two points. The resultants F, and F, then must have the same line 
of action, the same magnitude, and opposite sense (Fig. 4.8). 

In the study of structures, frames, and machines, you will see 
how the recognition of two-force bodies simplifies the solution of 
certain problems. 


4.7 EQUILIBRIUM OF A THREE-FORCE BODY 


Another case of equilibrium that is of great interest is that of a three- 
force body, i.e., a rigid body subjected to three forces or, more gen- 
erally, a rigid body subjected to forces acting at only three points. 
Consider a rigid body subjected to a system of forces which can be 
reduced to three forces F), F2, and F3 acting at A, B, and C, respec- 
tively (Fig. 4.9a). It will be shown that if the body is in equilibrium, 
the lines of action of the three forces must be either concurrent or 
parallel. 

Since the rigid body is in equilibrium, the sum of the moments 
of F,, F, and F3; about any axis must be zero. Assuming that the 
lines of action of F, and F, intersect and denoting their point of 
intersection by D, we sum moments about D (Fig. 4.9b). Since the 
moments of F, and F; about D are zero, the moment of F; about 
D must also be zero, and the line of action of F; must pass through 
D (Fig. 4.9c). Therefore, the three lines of action are concurrent. 
The only exception occurs when none of the lines intersect; the lines 
of action are then parallel. 

Although problems concerning three-force bodies can be solved 
by the general methods of Secs. 4.3 to 4.5, the property just estab- 
lished can be used to solve them either graphically or mathematically 
from simple trigonometric or geometric relations. 


Fig. 4.9 


(a) 


(b) (c) 


SAMPLE PROBLEM 4.6 


A man raises a 10-kg joist, of length 4 m, by pulling on a rope. Find the 
tension T in the rope and the reaction at A. 


SOLUTION 


Free-Body Diagram. The joist is a three-force body, since it is acted upon 
by three forces: its weight W, the force T exerted by the rope, and the 
reaction R of the ground at A. We note that 


W = mg = (10 kg)(9.81 m/s’) = 98.1 N 


Three-Force Body. Since the joist is a three-force body, the forces acting 
on it must be concurrent. The reaction R, therefore, will pass through the 
point of intersection C of the lines of action of the weight W and the ten- 
sion force T. This fact will be used to determine the angle a that R forms 
with the horizontal. 

Drawing the vertical BF through B and the horizontal CD through C, 
we note that 


AF = BF = (AB) cos 45° = (4 m) cos 45° = 2.828 m 

CD — fF — AE — jAr)— 1414 m 

BD = (CD) cot (45° + 25°) = (1.414 m) tan 20° = 0.515 m 
CE = DF = BF — BD = 2.828 m — 0.515 m = 2.313 m 


We write 


CE 2.313m 
AE 1.414m 


1.636 


tan a = 
a =58.6° <4 


We now know the direction of all the forces acting on the joist. 


Force Triangle. A force triangle is drawn as shown, and its interior angles 
are computed from the known directions of the forces. Using the law of 
sines, we write 


98:1.N t R 98.1 N 


sin31.4° sin 110° sin 38.6° 


T=819N 4 
R = 147.8 N 458.6° <4 
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SOLVING IPROBLEMS 
JN TOUR OWN 


r | ‘he preceding sections covered two particular cases of equilibrium of a rigid 
body. 


1. A two-force body is a body subjected to forces at only two points. The 
resultants of the forces acting at each of these points must have the same magni- 
tude, the same line of action, and opposite sense. This property will allow you to 
simplify the solutions of some problems by replacing the two unknown compo- 
nents of a reaction by a single force of unknown magnitude but of known 
direction. 


2. A three-force body is subjected to forces at only three points. The resul- 
tants of the forces acting at each of these points must be concurrent or parallel. 
To solve a problem involving a three-force body with concurrent forces, draw your 
free-body diagram showing that these three forces pass through the same point. 
The use of simple geometry may then allow you to complete the solution by using 
a force triangle [Sample Prob. 4.6]. 


Although the principle noted above for the solution of problems involving three- 
force bodies is easily understood, it can be difficult to sketch the needed geo- 
metric constructions. If you encounter difficulty, first draw a reasonably large 
free-body diagram and then seek a relation between known or easily calculated 
lengths and a dimension that involves an unknown. This was done in Sample 
Prob. 4.6, where the easily calculated dimensions AE and CE were used to 
determine the angle a. 


PROBLEMS 


4.61 Determine the reactions at A and B when a = 180 mm. i 300 N 


4.62 For the bracket and loading shown, determine the range of values 
of the distance a for which the magnitude of the reaction at B does 
not exceed 600 N. 


240 mm 
4.63 Using the method of Sec. 4.7, solve Prob. 4.17. 
4.64 Using the method of Sec. 4.7, solve Prob. 4.18. .@ B h 
4.65 The spanner shown is used to rotate a shaft. A pin fits in a hole at 
A, while a flat, frictionless surface rests against the shaft at B. If a , 
60-lb force P is exerted on the spanner at D, find the reactions at 
A and B. Fig. P4.61 and P4.62 


B 
3 in. 
i FE 15 in. | 


Fig. P4.65 


4.66 Determine the reactions at B and D when b = 60 mm. 


4.67 Determine the reactions at B and D when b = 120 mm. Fig. P4.66 and P4.67 


4.68 Determine the reactions at B and C when a = 1.5 in. 


i 


— 


D 
50 Ib 
Fig. P4.68 


4.69 A 50-kg crate is attached to the trolley-beam system shown. Know- 
ing that a = 1.5 m, determine (a) the tension in cable CD, (b) the 
reaction at B. 


4.70 Solve Prob. 4.69, assuming that a = 3 m. Fig. P4.69 
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280 mm 
180 mm 
B D 
+ 2 
100 mm 
—————_— 


(e 
No. 


Fig. P4.72 and P4.73 


e 
Be 
72 |b — = 12in. 

|. 24 in. >| 
Fig. P4.75 


4.71 One end of rod AB rests in the corner A and the other end is 
attached to cord BD. If the rod supports a 40-lb load at its midpoint 
C, find the reaction at A and the tension in the cord. 


18 in. 


E 12 in. ne 12 in. al 
Fig. P4.71 


4.72 Determine the reactions at A and D when B = 30°. 
4.73 Determine the reactions at A and D when B = 60°. 


4.74 <A AO0-lb roller, of diameter 8 in., which is to be used on a tile floor, 
is resting directly on the subflooring as shown. Knowing that the 
thickness of each tile is 0.3 in., determine the force P required to 
move the roller onto the tiles if the roller is (a) pushed to the left, 


(b) pulled to the right. 
ae 


30° 


Fig. P4.74 


4.75 and 4.76 Member ABC is supported by a pin and bracket at B 
and by an inextensible cord attached at A and C and passing over 
a frictionless pulley at D. The tension may be assumed to be the 
same in portions AD and CD of the cord. For the loading shown 
and neglecting the size of the pulley, determine the tension in the 
cord and the reaction at B. 


160 
Paes 


Cc 


a=120mm 


A 


250 mm 


Fig. P4.76 


4.77 Rod AB is supported by a pin and bracket at A and rests against Problems 197 
a frictionless peg at C. Determine the reactions at A and C when 
a 170-N vertical force is applied at B. 


4.78 Solve Prob. 4.77, assuming that the 170-N force applied at B is 
horizontal and directed to the left. 


4.79 Using the method of Sec. 4.7, solve Prob. 4.21. 
4.80 Using the method of Sec. 4.7, solve Prob. 4.28. 


4.81 Knowing that 6 = 30°, determine the reaction (a) at B, (b) at C. 


Fig. P4.81 and P4.82 
4.82 Knowing that 6 = 60°, determine the reaction (a) at B, (b) at C. 


4.83 Rod AB is bent into the shape of an arc of circle and is lodged 
between two pegs D and E. It supports a load P at end B. Neglecting 
friction and the weight of the rod, determine the distance c corre- 
sponding to equilibrium when a = 20 mm and R = 100 mm. Fig. P4.83 


4.84 A slender rod of length L is attached to collars that can slide freely 
along the guides shown. Knowing that the rod is in equilibrium, 
derive an expression for the angle @ in terms of the angle B. 


Fig. P4.84 and P4.85 


4.85 An 8-kg slender rod of length L is attached to collars that can slide 
freely along the guides shown. Knowing that the rod is in equilib- 
rium and that B = 30°, determine (a) the angle 6 that the rod 
forms with the vertical, (b) the reactions at A and B. 


188 Equilibrium of Rigid Bodies 4.86 A slender uniform rod of length L is held in equilibrium as shown, 
with one end against a frictionless wall and the other end attached 
to a cord of length S. Derive an expression for the distance h in 
terms of L and S. Show that this position of equilibrium does not 


exist if S > 2L. 
\ 


Fig. P4.86 and P4.87 


4.87 A slender uniform rod of length L = 20 in. is held in equilibrium 
as shown, with one end against a frictionless wall and the other 
end attached to a cord of length S$ = 30 in. Knowing that the 
weight of the rod is 10 Ib, determine (a) the distance h, (b) the 
tension in the cord, (c) the reaction at B. 


4.88 A uniform rod AB of length 2R rests inside a hemispherical bowl 
— : of radius R as shown. Neglecting friction, determine the angle 0 
Fig. P4.88 corresponding to equilibrium. 


4.89 A slender rod of length L and weight W is attached to a collar at 
A and is fitted with a small wheel at B. Knowing that the wheel 
rolls freely along a cylindrical surface of radius R, and neglecting 
friction, derive an equation in 0, L, and R that must be satisfied 
when the rod is in equilibrium. 


Fig. P4.89 


4.90 Knowing that for the rod of Prob. 4.89, L = 15 in., R = 20 in., 
and W = 10 lb, determine (a) the angle @ corresponding to equi- 
librium, (b) the reactions at A and B. 


EQUILIBRIUM IN THREE DIMENSIONS 


4.8 EQUILIBRIUM OF A RIGID BODY 
IN THREE DIMENSIONS 


We saw in Sec. 4.1 that six scalar equations are required to express 
the conditions for the equilibrium of a rigid body in the general 
three-dimensional case: 


These equations can be solved for no more than six unknowns, which 
generally will represent reactions at supports or connections. 

In most problems the scalar equations (4.2) and (4.3) will be 
more conveniently obtained if we first express in vector form the con- 
ditions for the equilibrium of the rigid body considered. We write 


(4.1) 


and express the forces F and position vectors r in terms of scalar 
components and unit vectors. Next, we compute all vector products, 
either by direct calculation or by means of determinants (see Sec. 3.8). 
We observe that as many as three unknown reaction components 
may be eliminated from these computations through a judicious 
choice of the point O. By equating to zero the coefficients of the 
unit vectors in each of the two relations (4.1), we obtain the desired 
scalar equations. t 


4.9 REACTIONS AT SUPPORTS AND CONNECTIONS 
FOR A THREE-DIMENSIONAL STRUCTURE 


The reactions on a three-dimensional structure range from the single 
force of known direction exerted by a frictionless surface to the 
force-couple system exerted by a fixed support. Consequently, in 
problems involving the equilibrium of a three-dimensional structure, 
there can be between one and six unknowns associated with the 
reaction at each support or connection. Various types of supports and 


In some problems, it will be found convenient to eliminate the reactions at two points 
A and B from the solution by writing the equilibrium equation 2M,,; = 0, which 
involves the determination of the moments of the forces about the axis AB joining 
points A and B (see Sample Prob. 4.10). 


4.9 Reactions at Supports and Connections for 
a Three-Dimensional Structure 
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Photo 4.6 Universal joints, easily seen on the 
drive shafts of rear-wheel-drive cars and trucks, 
allow rotational motion to be transferred between 
two noncollinear shafts. 


Photo 4.7 The pillow block bearing shown 
supports the shaft of a fan used in an industrial 
facility. 


connections are shown in Fig. 4.10 with their corresponding reac- 
tions. A simple way of determining the type of reaction correspond- 
ing to a given support or connection and the number of unknowns 
involved is to find which of the six fundamental motions (translation in 
the x, y, and z directions, rotation about the x, y, and z axes) are 
allowed and which motions are prevented. 

Ball supports, frictionless surfaces, and cables, for example, pre- 
vent translation in one direction only and thus exert a single force whose 
line of action is known; each of these supports involves one unknown, 
namely, the magnitude of the reaction. Rollers on rough surfaces and 
wheels on rails prevent translation in two directions; the corresponding 
reactions consist of two unknown force components. Rough surfaces in 
direct contact and ball-and-socket supports prevent translation in three 
directions; these supports involve three unknown force components. 

Some supports and connections can prevent rotation as well 
as translation; the corresponding reactions include couples as well as 
forces. For example, the reaction at a fixed support, which prevents 
any motion (rotation as well as translation), consists of three unknown 
forces and three unknown couples. A universal joint, which is designed 
to allow rotation about two axes, will exert a reaction consisting of 
three unknown force components and one unknown couple. 

Other supports and connections are primarily intended to pre- 
vent translation; their design, however, is such that they also prevent 
some rotations. The corresponding reactions consist essentially of 
force components but may also include couples. One group of sup- 
ports of this type includes hinges and bearings designed to support 
radial loads only (for example, journal bearings, roller bearings). The 
corresponding reactions consist of two force components but may 
also include two couples. Another group includes pin-and-bracket 
supports, hinges, and bearings designed to support an axial thrust as 
well as a radial load (for example, ball bearings). The corresponding 
reactions consist of three force components but may include two 
couples. However, these supports will not exert any appreciable cou- 
ples under normal conditions of use. Therefore, only force compo- 
nents should be included in their analysis unless it is found that 
couples are necessary to maintain the equilibrium of the rigid body, 
or unless the support is known to have been specifically designed to 
exert a couple (see Probs. 4.119 through 4.122). 

If the reactions involve more than six unknowns, there are 
more unknowns than equations, and some of the reactions are stati- 
cally indeterminate. If the reactions involve fewer than six unknowns, 
there are more equations than unknowns, and some of the equations 
of equilibrium cannot be satisfied under general loading conditions; 
the rigid body is only partially constrained. Under the particular 
loading conditions corresponding to a given problem, however, the 
extra equations often reduce to trivial identities, such as 0 = 0, and 
can be disregarded; although only partially constrained, the rigid 
body remains in equilibrium (see Sample Probs. 4.7 and 4.8). Even 
with six or more unknowns, it is possible that some equations of 
equilibrium will not be satisfied. This can occur when the reactions 
associated with the given supports either are parallel or intersect the 
same line; the rigid body is then improperly constrained. 


Force with known 
line of action 
(one unknown) 


a 
Force with known 


Cable line of action 
(one unknown) 


Roller on 
rough surface 


Universal Three force components 


nf M, 
M. >» / o> 


Three force components 


joint and one couple Fixed support and three couples 


AM 
Fy 
MY 


Two force components 
(and two couples) 


Hinge and bearing supporting 
axial thrust and radial load 


Pin and bracket 


Three force components 
(and two couples) 


Fig. 4.10 Reactions at supports and connections. 
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SAMPLE PROBLEM 4.7 


A 20-kg ladder used to reach high shelves in a storeroom is supported by 
two flanged wheels A and B mounted on a rail and by an unflanged wheel 
C resting against a rail fixed to the wall. An 80-kg man stands on the ladder 
and leans to the right. The line of action of the combined weight W of the 
man and ladder intersects the floor at point D. Determine the reactions at 
A, B, and C. 


SOLUTION 


Free-Body Diagram. A free-body diagram of the ladder is drawn. The 


forces involved are the combined weight of the man and ladder, 


W = —mgj = —(80 kg + 20 kg)(9.81 m/s”)j = —(981 N)j 


and five unknown reaction components, two at each flanged wheel and one 
at the unflanged wheel. The ladder is thus only partially constrained; it is 
free to roll along the rails. It is, however, in equilibrium under the given 
load since the equation =F, = 0 is satisfied. 


Equilibrium Equations. We express that the forces acting on the ladder 
form a system equivalent to zero: 


SF=0: A,j+ Ak + B,j + Bk — (981 Nj + Ck =0 
(A, + B, — 981 N)j + (A, + B, + C)k = 0 (1) 
SM, =3(rx F)=0: 1.24 X (B,j + B-k) + (0.91 — 0.6k) x (—981j) 
+ (0.6i + 3j — 12k) x Ck = 0 
Computing the vector products, we havet 


1.2B,k — 1.2B,j — 882.9k — 588.6i — 0.6Cj + 3Ci = 0 


(3C — 588.6)i — (1.2B, + 0.6C)j + (1.2B, — 882.9)k = 0 (2) 


Setting the coefficients of i, j, k equal to zero in Eq. (2), we obtain 
the following three scalar equations, which express that the sum of the 
moments about each coordinate axis must be zero: 


3C — 588.6 = 0 C = +196.2 N 
1,.2B, + 0.6C = 0 B, = —98.1N 
1.2B, — 882.9 = 0 B, = +736 N 


Yi 


The reactions at B and C are therefore 
B = +(736 N)j — (98.1 N)k C= +(196.2N)k <4 


Setting the coefficients of j and k equal to zero in Eq. (1), we obtain two scalar 
equations expressing that the sums of the components in the y and z directions 
are zero. Substituting for Bie. and C the values obtained above, we write 


5 4 Wall = © A, + 736 — 981 = 0 A, = +245 N 


A.+B.+C=0 A,—981+19.2=0 A,=—981N 
We conclude that the reaction at Ais A = +(245.N)j — (98.1 N)k <@ 


+The moments in this sample problem and in Sample Probs. 4.8 and 4.9 can also be 
expressed in the form of determinants (see Sample Prob. 3.10). 


SAMPLE PROBLEM 4.8 


A 5 X 8-ft sign of uniform density weighs 270 Ib and is supported by a 
ball-and-socket joint at A and by two cables. Determine the tension in each 
cable and the reaction at A. 


SOLUTION 


Free-Body Diagram. A free-body diagram of the sign is drawn. The forces 
acting on the free body are the weight W = —(270 lb)j and the reactions 
at A, B, and E. The reaction at A is a force of unknown direction and is 
represented by three unknown components. Since the directions of the 
forces exerted by the cables are known, these forces involve only one 
unknown each, namely, the magnitudes Tgp and Tye. Since there are only 
- five unknowns, the sign is partially constrained. It can rotate freely about 
aA the x axis; it is, however, in equilibrium under the given loading, since the 
equation 2M, = 0 is satisfied. 

The components of the forces Tgp and Tzc can be expressed in terms 
of the unknown magnitudes Tgp and Tc by writing 


BD = —(8ft)i+ (4f)j —(8ft)k BD = 12ft 


EC = -(6f)i+ (3ft)j+ (2f)k EC =Th 
BD eee oe 
Tgp = Tro( 25) = Tgp( Fl ar a A) 
EC 
Trc = Pec( Ze) = Tcl A + 7 7k) 
W =- (270 lb)j 


4 ft | 


AG | Equilibrium Equations. We express that the forces acting on the sign form 


a system equivalent to zero: 
(A, — 3T ap — #Tgc)i + (Ay + 3T gp + FT xc — 270 lb)j 
- (A; ce 3T gp ar ?Trc)k = @ (1) 


=M, = Xr X F) = 0: 
(Sft)i X Pgp(—si + 5] — gk) + (6ft)i X Tre(—2i + 3j + Zk) 
+ (4ft)i x (—2701b)j = 0 
(2.6672 gp + 2.571 Tec — 1080 Ib)k + (5.8331 gp — 1.7147 c)j = 0 (2) 


Setting the coefficients of j and k equal to zero in Eq. (2), we obtain 
two scalar equations which can be solved for Tgp and Txc: 


‘hag = WOES Mo oe = Sila ll =. 


Setting the coefficients of i, j, and k equal to zero in Eq. (1), we obtain 
three more equations, which yield the components of A. We have 


A = +(338 lb)i + (101.2 Ib)j — (22.5 Ib)k <4 
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SAMPLE PROBLEM 4.9 


A uniform pipe cover of radius r = 240 mm and mass 30 kg is held in a 
horizontal position by the cable CD. Assuming that the bearing at B does 
not exert any axial thrust, determine the tension in the cable and the reac- 
tions at A and B. 


SOLUTION 


Free-Body Diagram. A free-body diagram is drawn with the coordinate 
axes shown. The forces acting on the free body are the weight of the cover, 


W = —mgj = —(30 kg)(9.81 m/s”)j = —(294 N)j 


and reactions involving six unknowns, namely, the magnitude of the force T 
exerted by the cable, three force components at hinge A, and two at hinge B. 
The components of T are expressed in terms of the unknown magnitude T 


=— 
by resolving the vector DC into rectangular components and writing 


DC = —(480 mm)i + (240 mm)j — (160 mm)k DC = 560 mm 


Equilibrium Equations. We express that the forces acting on the pipe 


~ cover form a system equivalent to zero: 


UF = 0: Ai + Ajj + Ak + Bi + B,j + T — (294 Nj 


= 30) 
(AQ+ Be i iA Bt a? 204 Ny A, ik 0 (1) 


SM, = Dae x Bb) =o: 
ark x (Ai + A,j + Ak) 
1 Orie tk) X= i 1) Tk) 
+ (ri + rk) x (—294 N)j = 0 
(—2A, — 3#T + 204 N)ri + (2A, — 7T)rj + GT — 294N)rk=0 (2) 


Setting the coefficients of the unit vectors equal to zero in Eq. (2), 
we write three scalar equations, which yield 


A, = +49.0 N A, = +73.5 N T= 343.N <4 


Setting the coefficients of the unit vectors equal to zero in Eq. (1), we obtain 
three more scalar equations. After substituting the values of T, A,, and A, 
into these equations, we obtain 


A, = +98.0 N B, = +245 N iB, = ae 1eh5) IN) 
The reactions at A and B are therefore 


A = +(49.0 N)i + (73.5 Nj + (98.0N)k < 
B = +(245 N)i + (73.5 Nj < 


SAMPLE PROBLEM 4.10 


A 450-Ib load hangs from the comer C of a rigid piece of 
pipe ABCD which has been bent as shown. The pipe is 
supported by the ball-and-socket joints A and D, which are 
fastened, respectively, to the floor and to a vertical wall, 
and by a cable attached at the midpoint E of the portion 
BC of the pipe and at a point G on the wall. Determine 
(a) where G should be located if the tension in the cable 
is to be minimum, (b) the corresponding minimum value 
of the tension. 


SOLUTION 


Free-Body Diagram. The free-body diagram of the pipe includes the load 
W = (450 Ib)j, the reactions at A and D, and the force T exerted by the 
cable. To eliminate the reactions at A and D from the computations, we 
express that the sum of the moments of the forces about AD is zero. Denot- 
ing by A the unit vector along AD, we write 


——— — 
=Map = 0: A: (AE X T) + A> (AC X W) = 0 (1) 
The second term in Eq. (1) can be computed as follows: 
AC x W = (12i + 19j) x (—450j) = —5400k 
AD  12i + 12j — 6k ieee 
12 ft AD — 18 Be 
ae : : il 
A- (AC x W) = (Gi + 3j — 3k) - (—5400k) = +1800 


Substituting the value obtained into Eq. (1), we write 
A+ (AE x T) = —1800 lb - ft (2) 


Minimum Value of Tension. Recalling the commutative property for 
mixed triple products, we rewrite Eq. (2) in the form 


T:(A x AE) = —1800 lh - & (3) 


— 
which shows that the projection of T on the vector A X AE is a constant. 
It follows that T is minimum when parallel to the vector 


A x AE = (21 + 25 — Ek) x (63 f 12j) = 4i — 2j + 4k 


Since the corresponding unit vector is i — 3j + $k, we write 
Substituting for T and A x AE in Eq. (3) and computing the dot products, 


we obtain 6T = —1800 and, thus, T = —300. Carrying this value into (4), 
we obtain 


Tin = —2001 + 100j — 200K = Trin = 300 1b 4 


Location of G. Since the vector EG and the force Tin have the same 
direction, their components must be proportional. Denoting the coordinates 
of G by x, y, 0, we write 
oe Gee Ee 
—200 +100 —200 


r=) y = 15ft < 
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SOLVING PROBLEMS 
ON TOUR OWN 


r | ‘he equilibrium of a three-dimensional body was considered in the sections you 
just completed. It is again most important that you draw a complete free-body 
diagram as the first step of your solution. 


1. As you draw the free-body diagram, pay particular attention to the reac- 
tions at the supports. The number of unknowns at a support can range from one 
to six (Fig. 4.10). To decide whether an unknown reaction or reaction component 
exists at a support, ask yourself whether the support prevents motion of the body 
in a certain direction or about a certain axis. 

a. If motion is prevented in a certain direction, include in your free-body 
diagram an unknown reaction or reaction component that acts in the same 
direction. 

b. If a support prevents rotation about a certain axis, include in your free- 
body diagram a couple of unknown magnitude that acts about the same axis. 


2. The external forces acting on a three-dimensional body form a system 
equivalent to zero. Writing =F = 0 and 2M, = 0 about an appropriate point A, 
and setting the coefficients of i, j, k in both equations equal to zero will provide 
you with six scalar equations. In general, these equations will contain six unknowns 
and may be solved for these unknowns. 


3. After completing your free-body diagram, you may want to seek equations 
involving as few unknowns as possible. The following strategies may help you. 

a. By summing moments about a ball-and-socket support or a hinge, you will 
obtain equations from which three unknown reaction components have been elimi- 
nated [Sample Probs. 4.8 and 4.9]. 

b. If you can draw an axis through the points of application of all but one of the 
unknown reactions, summing moments about that axis will yield an equation in a 
single unknown [Sample Prob. 4.10]. 


4. After drawing your free-body diagram, you may find that one of the 
following situations exists. 

a. The reactions involve fewer than six unknowns; the body is said to be 
partially constrained and motion of the body is possible. However, you may be 
able to determine the reactions for a given loading condition [Sample Prob. 4.7]. 

b. The reactions involve more than six unknowns; the reactions are said to 
be statically indeterminate. Although you may be able to calculate one or two 
reactions, you cannot determine all of the reactions [Sample Prob. 4.10]. 

c. The reactions are parallel or intersect the same line; the body is said to 
be improperly constrained, and motion can occur under a general loading 
condition. 


PROBLEMS 


4.91 A4 X 8-ft sheet of plywood weighing 34 lb has been temporarily 
placed among three pipe supports. The lower edge of the sheet 
rests on small collars at A and B and its upper edge leans against 
pipe C. Neglecting friction at all surfaces, determine the reactions 
at A, B, and C. 


Fig. P4.91 


4.92 Two tape spools are attached to an axle supported by bearings at A 
and D. The radius of spool B is 30 mm and the radius of spool C 
is 40 mm. Knowing that Tz = 80 N and that the system rotates at 
a constant rate, determine the reactions at A and D. Assume that 
the bearing at A does not exert any axial thrust and neglect the 
weights of the spools and axle. 


Fig. P4.92 


4.93 Solve Prob. 4.92, assuming that the spool C is replaced by a spool 
of radius 50 mm. 
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198 Equilibrium of Rigid Bodies 4.94 Two transmission belts pass over sheaves welded to an axle supported 
by bearings at B and D. The sheave at A has a radius of 2.5 in., and 
the sheave at C has a radius of 2 in. Knowing that the system rotates 
at a constant rate, determine (a) the tension T, (b) the reactions at B 
and D. Assume that the bearing at D does not exert any axial thrust 
and neglect the weights of the sheaves and axle. 


Fig. P4.94 30 Ib 


4.95 A 200-mm lever and a 240-mm-diameter pulley are welded to the 
axle BE that is supported by bearings at C and D. If a 720-N verti- 
cal load is applied at A when the lever is horizontal, determine 
(a) the tension in the cord, (b) the reactions at C and D. Assume 
that the bearing at D does not exert any axial thrust. 


Fig. P4.95 


4.96 Solve Prob. 4.95, assuming that the axle has been rotated clockwise 
in its bearings by 30° and that the 720-N load remains vertical. 


4.97 An opening in a floor is covered by a 1 X 1.2-m sheet of plywood Problems QQ 
of mass 18 kg. The sheet is hinged at A and B and is maintained in 
a position slightly above the floor by a small block C. Determine the 
vertical component of the reaction (a) at A, (b) at B, (c) at C. 


Fig. P4.97 


4.98 Solve Prob. 4.97, assuming that the small block C is moved and 
placed under edge DE at a point 0.15 m from corner E. 


4.99 The rectangular plate shown weighs 80 Ib and is supported by 
three vertical wires. Determine the tension in each wire. 


15 in. 


60 i “a 
60 Hey cl 


Fig. P4.99 and P4.100 


4.100 The rectangular plate shown weighs 80 Ib and is supported by 
three vertical wires. Determine the weight and location of the 
lightest block that should be placed on the plate if the tensions in 
the three wires are to be equal. 
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4.101 Two steel pipes AB and BC, each having a mass per unit length of 
8 kg/m, are welded together at B and supported by three wires. 
Knowing that a = 0.4 m, determine the tension in each wire. 


y 


Fig. P4.101 


4.102 For the pipe assembly of Prob. 4.101, determine (a) the largest 
permissible value of a if the assembly is not to tip, (b) the corre- 
sponding tension in each wire. 


4.103 The 24-lb square plate shown is supported by three vertical wires. 
Determine (az) the tension in each wire when a = 10 in., (b) the 
value of a for which the tension in each wire is 8 lb. 


y 


Fig. P4.103 


4.104 The table shown weighs 30 Ib and has a diameter of 4 ft. It is sup- 
ported by three legs equally spaced around the edge. A vertical 
load P of magnitude 100 lb is applied to the top of the table at D. 
Determine the maximum value of a if the table is not to tip over. 
Show, on a sketch, the area of the table over which P can act 
without tipping the table. 


Pia 


Fig. P4.104 


4.105 A 10-ft boom is acted upon by the 840-lb force shown. Determine Problems QQ] 
the tension in each cable and the reaction at the ball-and-socket 
joint at A. 


Fig. P4.105 


4.106 A 2.4-m boom is held by a ball-and-socket joint at C and by two 
cables AD and AE. Determine the tension in each cable and the 
reaction at C. Fig. P4.106 


4.107 Solve Prob. 4.106, assuming that the 3.6-kN load is applied at 
point A. 


4.108 A 600-lb crate hangs from a cable that passes over a pulley B and 
is attached to a support at H. The 200-Ib boom AB is supported 
by a ball-and-socket joint at A and by two cables DE and DF. The 
center of gravity of the boom is located at G. Determine (a) the 
tension in cables DE and DF, (b) the reaction at A. 


5 ft 6.6 ft 
Fig. P4.108 
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4.109 A 3-m pole is supported by a ball-and-socket joint at A and by the 
cables CD and CE. Knowing that the 5-kN force acts vertically 
downward (@ = 0), determine (a) the tension in cables CD and 
CE, (b) the reaction at A. 


2 IK 2m Im 


Fig. P4.109 and P4.110 


4.110 A 3-m pole is supported by a ball-and-socket joint at A and by the 
cables CD and CE. Knowing that the line of action of the 5-kN force 
forms an angle @ = 30° with the vertical xy plane, determine 
(a) the tension in cables CD and CE, (b) the reaction at A. 


4.111 A 48-in. boom is held by a ball-and-socket joint at C and by two 
cables BF and DAE; cable DAE passes around a frictionless pulley 
at A. For the loading shown, determine the tension in each cable 
and the reaction at C. 


Fig. P4.111 


4.112 Solve Prob. 4.111, assuming that the 320-lb load is applied at A. 


4.113 A 20-kg cover for a roof opening is hinged at corners A and B. The 
roof forms an angle of 30° with the horizontal, and the cover is 
maintained in a horizontal position by the brace CE. Determine 
(a) the magnitude of the force exerted by the brace, (b) the reac- 
tions at the hinges. Assume that the hinge at A does not exert any 
axial thrust. 


Fig. P4.113 


4.114 The bent rod ABEF is supported by bearings at C and D and by 
wire AH. Knowing that portion AB of the rod is 250 mm long, 
determine (a) the tension in wire AH, (b) the reactions at C and 
D. Assume that the bearing at D does not exert any axial thrust. 


50mm 400N 


Fig. P4.114 


Problems 
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204 = Equilibrium of Rigid Bodies 4.115 A 100-kg uniform rectangular plate is supported in the position 
shown by hinges A and B and by cable DCE that passes over a 
frictionless hook at C. Assuming that the tension is the same in 
both parts of the cable, determine (a) the tension in the cable, 
(b) the reactions at A and B. Assume that the hinge at B does not 
exert any axial thrust. 


Fig. P4.115 


4.116 Solve Prob. 4.115, assuming that cable DCE is replaced by a cable 
attached to point E and hook C. 


4.117 The rectangular plate shown weighs 75 |b and is held in the posi- 
tion shown by hinges at A and B and by cable EF. Assuming that 
the hinge at B does not exert any axial thrust, determine 
(a) the tension in the cable, (b) the reactions at A and B. 


=f 


Fig. P4.117 


4.118 Solve Prob. 4.117, assuming that cable EF is replaced by a cable 
attached at points E and H. 


4.119 


4.120 


4.121 


Solve Prob. 4.114, assuming that the bearing at D is removed and 
that the bearing at C can exert couples about axes parallel to the 
y and % axes. 


Solve Prob. 4.117, assuming that the hinge at B is removed and 
that the hinge at A can exert couples about axes parallel to the y 
and z axes. 


The assembly shown is used to control the tension T in a tape that 
passes around a frictionless spool at E. Collar C is welded to rods 
ABC and CDE. It can rotate about shaft FG but its motion along 
the shaft is prevented by a washer S. For the loading shown, 
determine (a) the tension T in the tape, (b) the reaction at C. 


Fig. P4.121 


4.122 The assembly shown is welded to collar A that fits on the vertical 


pin shown. The pin can exert couples about the x and z axes but 
does not prevent motion about or along the y axis. For the load- 
ing shown, determine the tension in each cable and the reaction 
at A. 


120 mm 


60 mm 


480 N 


Fig. P4.122 


Problems 
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Equilibrium of Rigid Bodies 4.123 The rigid L-shaped member ABC is supported by a ball-and-socket 
joint at A and by three cables. If a 450-Ib load is applied at F, 


determine the tension in each cable. 


Fig. P4.123 


4.124 Solve Prob. 4.123, assuming that the 450-Ib load is applied at C. 


4.125 Frame ABCD is supported by a ball-and-socket joint at A and by 
three cables. For a = 150 mm, determine the tension in each cable 
and the reaction at A. 


Fig. P4.125 and P4.126 


4.126 Frame ABCD is supported by a ball-and-socket joint at A and by three 
cables. Knowing that the 350-N load is applied at D (a = 300 mm), 
determine the tension in each cable and the reaction at A. 


4.127 Three rods are welded together to form a “corner” that is 
supported by three eyebolts. Neglecting friction, determine the 
reactions at A, B, and C when P = 240 lb, a = 12 in., b = 8 in., 
and c = 10 in. 


4.128 Solve Prob. 4.127, assuming that the force P is removed and is 
Fig. P4.127 replaced by a couple M = +(600 lb - in.)j acting at B. 


4.129 


In order to clean the clogged drainpipe AE, a plumber has discon- 
nected both ends of the pipe and inserted a power snake through 
the opening at A. The cutting head of the snake is connected by a 
heavy cable to an electric motor that rotates at a constant speed as 
the plumber forces the cable into the pipe. The forces exerted by 
the plumber and the motor on the end of the cable can be rep- 
resented by the wrench F = —(48 N)k, M = —(90 N - m)k. Deter- 
mine the additional reactions at B, C, and D caused by the cleaning 
operation. Assume that the reaction at each support consists of two 
force components perpendicular to the pipe. 


Fig. P4.129 


4.130 Solve Prob. 4.129, assuming that the plumber exerts a force 


4.131 


F = —(48 N)k and that the motor is turned off (M = 0). 


The assembly shown consists of an 80-mm rod AF that is welded to 
a cross consisting of four 200-mm arms. The assembly is supported 
by a ball-and-socket joint at F and by three short links, each of which 
forms an angle of 45° with the vertical. For the loading shown, deter- 
mine (a) the tension in each link, (b) the reaction at F. 


Fig. P4.131 


Problems 
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208 = Equilibrium of Rigid Bodies 4.132 The uniform 10-kg rod AB is supported by a ball-and-socket joint 
at A and by the cord CG that is attached to the midpoint G of the 
rod. Knowing that the rod leans against a frictionless vertical wall 
at B, determine (a) the tension in the cord, (b) the reactions at A 
and B. 


Fig. P4.132 


4.133 The bent rod ABDE is supported by ball-and-socket joints at A and 
E and by the cable DF. If a 60-lb load is applied at C as shown, 
determine the tension in the cable. 


y 
S40 mm 
“Teo mm 
—— 


2 
E 


400 mm 


Fig. P4.133 


4.134 Solve Prob. 4.133, assuming that cable DF is replaced by a cable 
connecting B and F. 


4.135 The 50-kg plate ABCD is supported by hinges along edge AB and 
by wire CE. Knowing that the plate is uniform, determine the ten- 
sion in the wire. 


ae e 4.136 Solve Prob. 4.135, assuming that wire CE is replaced by a wire 
Fig. P4.135 connecting E and D. 


4.137 Two rectangular plates are welded together to form the assembly Problems 2QQ 
shown. The assembly is supported by ball-and-socket joints at B 
and D and by a ball on a horizontal surface at C. For the loading 
shown, determine the reaction at C. 


y 


sé in. 


Fig. P4.137 


4.138 Two 2 X 4-ft plywood panels, each of weight 12 lb, are nailed 
together as shown. The panels are supported by ball-and-socket 
joints at A and F and by the wire BH. Determine (a) the location 
of H in the xy plane if the tension in the wire is to be minimum, 
(b) the corresponding minimum tension. Fig. P4.138 


4.139 Solve Prob. 4.138, subject to the restriction that H must lie on the 
y axis. 

4.140 The pipe ACDE is supported by ball-and-socket joints at A and E 
and by the wire DF. Determine the tension in the wire when a 


640-N load is applied at B as shown. 


y 


A 


Fig. P4.140 


4.141 Solve Prob. 4.140, assuming that wire DF is replaced by a wire 
connecting C and F. 


REVIEW AND SUMMARY 


Equilibrium equations This chapter was devoted to the study of the equilibrium of rigid 
bodies, i.e., to the situation when the external forces acting on a rigid 
body form a system equivalent to zero [Sec. 4.1]. We then have 


SF=0 Mo = Xr x F) = 0 (4.1) 


Resolving each force and each moment into its rectangular compo- 
nents, we can express the necessary and sufficient conditions for the 
equilibrium of a rigid body with the following six scalar equations: 


0 SSG 2e=0 (4.2) 


=M,=0  =M,=0 =M,=0 (4.3) 


These equations can be used to determine unknown forces applied 
to the rigid body or unknown reactions exerted by its supports. 


Free-body diagram When solving a problem involving the equilibrium of a rigid body, it 
is essential to consider all of the forces acting on the body. Therefore, 
the first step in the solution of the problem should be to draw a 
free-body diagram showing the body under consideration and all of 
the unknown as well as known forces acting on it [Sec. 4.2]. 


Equilibrium of a two-dimensional In the first part of the chapter, we considered the equilibrium of a 
structure two-dimensional structure; i.e., we assumed that the structure con- 
sidered and the forces applied to it were contained in the same 
plane. We saw that each of the reactions exerted on the structure by 
its supports could involve one, two, or three unknowns, depending 
upon the type of support [Sec. 4.3]. 

In the case of a two-dimensional structure, Eqs. (4.1), or Eqs. 

(4.2) and (4.3), reduce to three equilibrium equations, namely 


ZF, = 0 ZF, = 0 =M, = 0 (4.5) 


where A is an arbitrary point in the plane of the structure [Sec. 4.4]. 
These equations can be used to solve for three unknowns. While the 
three equilibrium equations (4.5) cannot be augmented with addi- 
tional equations, any of them can be replaced by another equation. 
Therefore, we can write alternative sets of equilibrium equations, 
such as 


2F, = 0 =M, = 0 2M; = 0 (4.6) 


where point B is chosen in such a way that the line AB is not parallel 
to the y axis, or 


=M,=0  >M,=0 3Mc=0 (4.7) 
where the points A, B, and C do not lie in a straight line. 
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Since any set of equilibrium equations can be solved for only three 
unknowns, the reactions at the supports of a rigid two-dimensional 
structure cannot be completely determined if they involve more 
than three unknowns; they are said to be statically indeterminate 
[Sec. 4.5]. On the other hand, if the reactions involve fewer than 
three unknowns, equilibrium will not be maintained under general 
loading conditions; the structure is said to be partially constrained. 
The fact that the reactions involve exactly three unknowns is no 
guarantee that the equilibrium equations can be solved for all three 
unknowns. If the supports are arranged in such a way that the reactions 
are either concurrent or parallel, the reactions are statically indeter- 
minate, and the structure is said to be improperly constrained. 


Two particular cases of equilibrium of a rigid body were given 
special attention. In Sec. 4.6, a two-force body was defined as a rigid 
body subjected to forces at only two points, and it was shown that 
the resultants F, and F,; of these forces must have the same mag- 
nitude, the same line of action, and opposite sense (Fig. 4.11), a 
property which will simplify the solution of certain problems in later 
chapters. In Sec. 4.7, a three-force body was defined as a rigid body 
subjected to forces at only three points, and it was shown that the 
resultants F,, Fy, and F3 of these forces must be either concurrent 
(Fig. 4.12) or parallel. This property provides us with an alternative 
approach to the solution of problems involving a three-force body 
[Sample Prob. 4.6]. 


Fig. 4.11 Fig. 4.12 


In the second part of the chapter, we considered the equilib- 
rium of a three-dimensional body and saw that each of the reactions 
exerted on the body by its supports could involve between one and 
six unknowns, depending upon the type of support [Sec. 4.8]. 

In the general case of the equilibrium of a three-dimensional 
body, all of the six scalar equilibrium equations (4.2) and (4.3) listed 
at the beginning of this review should be used and solved for six 
unknowns [Sec. 4.9]. In most problems, however, these equations 
will be more conveniently obtained if we first write 


SF=0 Mo = X(r x F) =0 (4.1) 


and express the forces F and position vectors r in terms of scalar com- 
ponents and unit vectors. The vector products can then be computed 
either directly or by means of determinants, and the desired scalar 
equations obtained by equating to zero the coefficients of the unit vec- 
tors [Sample Probs. 4.7 through 4.9]. 
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Statical indeterminacy 


Partial constraints 


Improper constraints 


Two-force body 


Three-force body 


Equilibrium of a three-dimensional 
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We noted that as many as three unknown reaction components 
may be eliminated from the computation of 2Mo in the second of 
the relations (4.1) through a judicious choice of point O. Also, the 
reactions at two points A and B can be eliminated from the solution 
of some problems by writing the equation 2M, = 0, which involves 
the computation of the moments of the forces about an axis AB join- 
ing points A and B [Sample Prob. 4.10]. 

If the reactions involve more than six unknowns, some of the 
reactions are statically indeterminate; if they involve fewer than six 
unknowns, the rigid body is only partially constrained. Even with six 
or more unknowns, the rigid body will be improperly constrained if 
the reactions associated with the given supports either are parallel 
or intersect the same line. 


REVIEW PROBLEMS 


4.142 A hand truck is used to move two kegs, each of mass 40 kg. 
Neglecting the mass of the hand truck, determine (a) the vertical 
force P that should be applied to the handle to maintain equilib- 
rium when a = 35°, (b) the corresponding reaction at each of the 
two wheels. 


500 mm 


Fig. P4.142 


4.143 Determine the reactions at A and C when (a) a = 0, (b) a = 30°. Fig. P4.143 


4.144 A lever AB is hinged at C and attached to a control cable at A. 
If the lever is subjected to a 75-lb vertical force at B, determine 
(a) the tension in the cable, (b) the reaction at C. 


Fig. P4.144 


120 i v 
J 200 mm >| 


4.145 Neglecting friction and the radius of the pulley, determine (a) the — 50 ™_ 80mm 
tension in cable ADB, (b) the reaction at C. Fig. P4.145 


213 


214 Equilibrium of Rigid Bodies 4.146 The T-shaped bracket shown is supported by a small wheel at E 
and pegs at C and D. Neglecting the effect of friction, determine 


[<4 in <4 in the reactions at C, D, and E when 0 = 30°. 
20 Ib AO Ib 
4.147 The T-shaped bracket shown is supported by a small wheel at E 
p Pp y 
A B and pegs at C and D. Neglecting the effect of friction, determine 
peg g g 
Qin. (a) the smallest value of @ for which the equilibrium of the bracket 
q 
gt is maintained, (b) the corresponding reactions at C, D, and E. 
in. 
y 
k 4.148 For the frame and loading shown, determine the reactions at A 
E a 7 and C., 


4.149 Determine the reactions at A and B when B = 50°. 


Fig. P4.146 
and P4.147 


30 Ib 


250 mm 


Fig. P4.149 


Fig. P4.148 


4.150 The 6-m pole ABC is acted upon by a 455-N force as shown. The 
pole is held by a ball-and-socket joint at A and by two cables BD 
and BE. For a = 3 m, determine the tension in each cable and 
the reaction at A. 


Fig. P4.150 


4.151 Solve Prob. 4.150 for a = 1.5 m. 


4.152 The rigid L-shaped member ABF is supported by a ball-and-socket 
joint at A and by three cables. For the loading shown, determine 
the tension in each cable and the reaction at A. 


Fig. P4.152 


4.153 A force P is applied to a bent rod ABC, which may be supported in 
four different ways as shown. In each case, if possible, determine 
the reactions at the supports. 


Fig. P4.153 


Review Problems 
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COMPUTER PROBLEMS 


4.C1 The position of the L-shaped rod shown is controlled by a cable 
attached at B. Knowing that the rod supports a load of magnitude P = 50 Ib, 
write a computer program that can be used to calculate the tension T in 
the cable for values of 6 from 0 to 120° using 10° increments. Using appro- 
priate smaller increments, calculate the maximum tension T and the corre- 


sponding value of 6. 


16 in. 


1000 mm Fig. P4.C1 


4.€2 The position of the 10-kg rod AB is controlled by the block shown, 
which is slowly moved to the left by the force P. Neglecting the effect of 
friction, write a computer program that can be used to calculate the mag- 
nitude P of the force for values of x decreasing from 750 mm to 0 using 
50-mm increments. Using appropriate smaller increments, determine the 
Fig. P4.C2 maximum value of P and the corresponding value of x. 


4.€3 and 4.C4 The constant of spring AB is k, and the spring is unstretched 
when 6 = 0. Knowing that R = 10 in., a = 20 in., and k = 5 Ib/in., write 
a computer program that can be used to calculate the weight W correspond- 
ing to equilibrium for values of @ from 0 to 90° using 10° increments. Using 
appropriate smaller increments, determine the value of 6 corresponding to 


equilibrium when W = 5 Ib. 


Fig. P4.c4 


4.C5 A 200 X 250-mm panel of mass 20 kg is supported by hinges along 
edge AB. Cable CDE is attached to the panel at C, passes over a small 
pulley at D, and supports a cylinder of mass m. Neglecting the effect of 
friction, write a computer program that can be used to calculate the mass 
of the cylinder corresponding to equilibrium for values of 6 from 0 to 90° 
using 10° increments. Using appropriate smaller increments, determine the 
value of 8 corresponding to m = 10 kg. 


0.125 m 
[- 


Fig. P4.C5 


4.C6 The derrick shown supports a 2000-kg crate. It is held by a ball-and- 
socket joint at A and by two cables attached at D and E. Knowing that the 
derrick stands in a vertical plane forming an angle ¢ with the xy plane, write 
a computer program that can be used to calculate the tension in each cable 
for values of ¢ from 0 to 60° using 5° increments. Using appropriate smaller 
increments, determine the value of ¢ for which the tension in cable BE is 
maximum. 


2000 kg 


Computer Problems 
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The Revelstoke Dam, located on the 
Columbia River in British Columbia, is 
subjected to three different kinds of 
distributed forces: the weights of its 
constituent elements, the pressure forces 
exerted by the water of its submerged 
face, and the pressure forces exerted 


by the ground on its base. 
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Distributed Forces: Centroids 
and Centers of Gravity 
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Chapter 5 Distributed Forces: 
Centroids and Centers of Gravity 


5.1 Introduction 
5.2 Center of Gravity of a Two- 
Dimensional Body 
5.3 Centroids of Areas and Lines 
5.4 First Moments of Areas and Lines 
5.5 Composite Plates and Wires 
5.6 Determination of Centroids 
by Integration 
5.7. Theorems of Pappus-Guldinus 
5.8 Distributed Loads on Beams 
5.9 Forces on Submerged Surfaces 
5.10 Center of Gravity of a Three- 
Dimensional Body. Centroid of 
a Volume 
5.11 Composite Bodies 
5.12 Determination of Centroids of 
Volumes by Integration 


Photo 5.1 The precise balancing of the 
components of a mobile requires an understanding 
of centers of gravity and centroids, the main topics 
of this chapter. 
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5.1 INTRODUCTION 


We have assumed so far that the attraction exerted by the earth on a 
rigid body could be represented by a single force W. This force, called 
the force of gravity or the weight of the body, was to be applied at the 
center of gravity of the body (Sec. 3.2). Actually, the earth exerts a force 
on each of the particles forming the body. The action of the earth on a 
rigid body should thus be represented by a large number of small forces 
distributed over the entire body. You will learn in this chapter, however, 
that all of these small forces can be replaced by a single equivalent force 
W. You will also learn how to determine the center of gravity, i.e., the 
point of application of the resultant W, for bodies of various shapes. 

In the first part of the chapter, two-dimensional bodies, such 
as flat plates and wires contained in a given plane, are considered. 
Two concepts closely associated with the determination of the center 
of gravity of a plate or a wire are introduced: the concept of the 
centroid of an area or a line and the concept of the first moment of 
an area or a line with respect to a given axis. 

You will also learn that the computation of the area of a surface 
of revolution or of the volume of a body of revolution is directly related 
to the determination of the centroid of the line or area used to gener- 
ate that surface or body of revolution (Theorems of Pappus-Guldinus). 
And, as is shown in Secs. 5.8 and 5.9, the determination of the centroid 
of an area simplifies the analysis of beams subjected to distributed 
loads and the computation of the forces exerted on submerged rect- 
angular surfaces, such as hydraulic gates and portions of dams. 

In the last part of the chapter, you will learn how to determine 
the center of gravity of a three-dimensional body as well as the cen- 
troid of a volume and the first moments of that volume with respect 
to the coordinate planes. 


AREAS AND LINES 


5.2 CENTER OF GRAVITY OF A 
TWO-DIMENSIONAL BODY 


Let us first consider a flat horizontal plate (Fig. 5.1). We can divide 
the plate into n small elements. The coordinates of the first element 


AW 


Va 


=M 
=M,: yW=Xy AW 


yi 2W=2x AW 


Fig. 5.1 Center of gravity of a plate. 


are denoted by x; and yj, those of the second element by xz and yg, 
etc. The forces exerted by the earth on the elements of plate will be 
denoted, respectively, by AW,, AWo, ... , AW,,. These forces or 
weights are directed toward the center of the earth; however, for all 
practical purposes they can be assumed to be parallel. Their resultant 
is therefore a single force in the same direction. The magnitude W 
of this force is obtained by adding the magnitudes of the elemental 
weights. 


DF. W = AW, + AW, + -:: + AW, 


To obtain the coordinates x and y of the point G where the resultant W 
should be applied, we write that the moments of W about the y and 
x axes are equal to the sum of the corresponding moments of the 
elemental weights, 


xW = x, AW, + x, AW, te ea +x, AW,, 


=M;: yw =Y1 AW, + Yo AW, +-°°+ Yn AW,, (5.1) 


If we now increase the number of elements into which the plate is 
divided and simultaneously decrease the size of each element, we 
obtain in the limit the following expressions: 


(5.2) 


These equations define the weight W and the coordinates x and y 
of the center of gravity G of a flat plate. The same equations can be 
derived for a wire lying in the xy plane (Fig. 5.2). We note that the 
center of gravity G of a wire is usually not located on the wire. 


=M,: 


xW=2x AW 
=M,: yW=ZyAW 


Fig. 5.2 Center of gravity of a wire. 


5.2 Center of Gravity of a TwoDimensional 99] 
Body 
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of Gravity 


5.3 CENTROIDS OF AREAS AND LINES 


In the case of a flat homogeneous plate of uniform thickness, the 
magnitude AW of the weight of an element of the plate can be 
expressed as 


AW = yt AA 


where y = specific weight (weight per unit volume) of the material 
t = thickness of the plate 
AA = area of the element 


Similarly, we can express the magnitude W of the weight of the entire 
plate as 
W= ytA 


where A is the total area of the plate. 

If U.S. customary units are used, the specific weight y should 
be expressed in Ib/ft®, the thickness t in feet, and the areas AA and A 
in square feet. We observe that AW and W will then be expressed 
in pounds. If SI units are used, y should be expressed in N/m’, t in 
meters, and the areas AA and A in square meters; the weights AW 
and W will then be expressed in newtons.t 

Substituting for AW and W in the moment equations (5.1) and 
dividing throughout by yt, we obtain 


=M,: xA = x, AA; Sa Xo AAs +osee + Xn AA, 
=M:;: yA = y; AA; + ys: AAs + an FAs 


If we increase the number of elements into which the area A is 
divided and simultaneously decrease the size of each element, we 
obtain in the limit 


ca =| dA pa =| yaa (5.3) 


These equations define the coordinates x and y of the center of 
gravity of a homogeneous plate. The point whose coordinates are x 
and y is also known as the centroid C of the area A of the plate 
(Fig. 5.3). If the plate is not homogeneous, these equations cannot 
be used to determine the center of gravity of the plate; they still 
define, however, the centroid of the area. 

In the case of a homogeneous wire of uniform cross section, the 
magnitude AW of the weight of an element of wire can be expressed as 


AW = ya AL 


where y = specific weight of the material 
a@ = cross-sectional area of the wire 
AL = length of the element 


tIt should be noted that in the ST system of units a given material is generally charac- 
terized by its density p (mass per unit volume) rather than by its specific weight y. The 
specific weight of the material can then be obtained from the relation 


Y= Ps 


where g = 9.81 m/s*. Since p is expressed in kg/m®, we observe that y will be expressed in 
(kg/m°)(m/s”), that is, in N/m. 


5.4 First Moments of Areas and Lines 


O 


: xA=ZxAA 
« YA=ZyAA 
Fig. 5.3. Centroid of an area. 


The center of gravity of the wire then coincides with the centroid C of 
the line L defining the shape of the wire (Fig. 5.4). The coordinates x 
and y of the centroid of the line L are obtained from the equations 


(5.4) 


5.4 FIRST MOMENTS OF AREAS AND LINES 


The integral J x dA in Eqs. (5.3) of the preceding section is known 
as the first moment of the area A with respect to the y axis and is 
denoted by Q,. Similarly, the integral f y dA defines the first moment 
of A with respect to the x axis and is denoted by Q,. We write 


(5.5) 


Comparing Eqs. (5.3) with Eqs. (5.5), we note that the first moments 
of the area A can be expressed as the products of the area and the 
coordinates of its centroid: 


It follows from Eqs. (5.6) that the coordinates of the centroid 
of an area can be obtained by dividing the first moments of that area 
by the area itself. The first moments of the area are also useful in 
mechanics of materials for determining the shearing stresses in 
beams under transverse loadings. Finally, we observe from Eqs. (5.6) 
that if the centroid of an area is located on a coordinate axis, the 
first moment of the area with respect to that axis is zero. Conversely, 
if the first moment of an area with respect to a coordinate axis is 
zero, then the centroid of the area is located on that axis. 

Relations similar to Eqs. (5.5) and (5.6) can be used to define 
the first moments of a line with respect to the coordinate axes and 


(5.6) 


=M,: 


=M,: 


x 


xL=Zx AL 
yL=XyAL 


Fig. 5.4 9 Centroid of a line. 
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224 ee Forces: Centroids and Centers to express these moments as the products of the length L of the line 
are and the coordinates x and y of its centroid. 

An area A is said to be symmetric with respect to an axis BB' 
if for every point P of the area there exists a point P’ of the same 
area such that the line PP’ is perpendicular to BB’ and is divided into 
two equal parts by that axis (Fig. 5.5a). A line L is said to be sym- 
metric with respect to an axis BB’ if it satisfies similar conditions. 
When an area A or a line L possesses an axis of symmetry BB’, its 
first moment with respect to BB’ is zero, and its centroid is located 
on that axis. For example, in the case of the area A of Fig. 5.5b, which 
is symmetric with respect to the y axis, we observe that for every 
y element of area dA of abscissa x there exists an element dA’ of equal 
area and with abscissa —x. It follows that the integral in the first of 
Eqs. (5.5) is zero and, thus, that Q, = 0. It also follows from the first 
of the relations (5.3) that x = 0. Thus, if an area A or a line L pos- 
sesses an axis of symmetry, its centroid C is located on that axis. 

We further note that if an area or line possesses two axes of sym- 
metry, its centroid C must be located at the intersection of the two axes 
x (Fig. 5.6). This property enables us to determine immediately the cen- 

troid of areas such as circles, ellipses, squares, rectangles, equilateral tri- 
angles, or other symmetric figures as well as the centroid of lines in the 
shape of the circumference of a circle, the perimeter of a square, etc. 


Fig. 5.5 


(a) (b) 
Fig. 5.6 


An area A is said to be symmetric with respect to a center O if 
for every element of area dA of coordinates x and y there exists an 
element dA’ of equal area with coordinates —x and —y (Fig. 5.7). It 

y then follows that the integrals in Eqs. (5.5) are both zero and that 
eae Q, = Q, = 0. It also follows from Eqs. (5.3) that x = y = 0, that is, 
A mdA that the centroid of the area coincides with its center of symmetry O. 
4 ai Similarly, if a line possesses a center of symmetry O, the centroid of 
the line will coincide with the center O. 
It should be noted that a figure possessing a center of symme- 
O | try does not necessarily possess an axis of symmetry (Fig. 5.7), while 
/ * a figure possessing two axes of symmetry does not necessarily possess 
/ a center of symmetry (Fig. 5.62). However, if a figure possesses two 
/ axes of symmetry at a right angle to each other, the point of intersec- 
i a tion of these axes is a center of symmetry (Fig. 5.6b). 

Determining the centroids of unsymmetrical areas and lines 
| and of areas and lines possessing only one axis of symmetry will be 
discussed in Secs. 5.6 and 5.7. Centroids of common shapes of areas 
Fig. 5.7 and lines are shown in Fig. 5.8A and B. 


5.4 First Moments of Areas and Lines 
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Shape x y Area 
h 
Triangular area a bh 
b 
b | 
Quarter-circular Ar Ar ar2 
area 3 3a 4 
/ 2 
Semicircular area Ar ar 
emicircular area O 0 3a 2 
Quarter-elliptical —$—5 4a Ab arab 
= b 
oh 
Semielliptical O 0 4b arab 
l~__ a —»| — acc: 
area 3a 2, 
Semiparabolic 3a 3h 2ah 
area ae 8 5. 3 
h 
Parabolic area i 0 3h 4ah 
5 3 
Parabolic spandrel 3a 3h ah 
4 10 
ee ee a n+l n+l ah 
General spandrel naa! Pre a ai 
<i 2r sin & “ 
Circular sector —_ (0) ar2 
3a 


Fig. 5.8A Centroids of common shapes of areas. 
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of Gravity 
Shape x y Length 

Quarter-circular Or 2r or 

arc 7 ce 2 

2r 
Semicircular arc 0 rr TI 
\ noha Cc rsina@ 
Arc of circle ~<a \ - —— 0 2ar 
O ree F a a 
$$ — x SS 


Fig. 5.8B Centroids of common shapes of lines. 


5.5 COMPOSITE PLATES AND WIRES 


In many instances, a flat plate can be divided into rectangles, triangles, 
or the other common shapes shown in Fig. 5.8A. The abscissa X of its 
center of gravity G can be determined from the abscissas x, 9, .. . , Xp 
of the centers of gravity of the various parts by expressing that the 
moment of the weight of the whole plate about the y axis is equal 
to the sum of the moments of the weights of the various parts about 
the same axis (Fig. 5.9). The ordinate Y of the center of gravity of 
the plate is found in a similar way by equating moments about the 
x axis. We write 


=M,: X(W, + Wot: + W,) =x,W, + %W, +--+ + 2,W, 
=M;: Y(W, Ws 7 ee aa W,,) = yiW, + YyoWs ae Ie UW 


XIW=rxW 
=IM,: YUIW=LyW 


=M, ; 


Fig. 5.9 Center of gravity of a composite plate. 


or, for short, 
XIW=2xw YUIW= yw (5.7) 


These re can be solved for the coordinates X and Y of the 
center of gravity of the plate. 


Q,= XEA=EXA 
Q.= YXA=ZyA 
Fig. 5.10 Centroid of a composite area. 


If the plate is homogeneous and of uniform thickness, the center 
of gravity coincides with the centroid C of its area. The abscissa X of 
the centroid of the area can be determined by noting that the first 
moment Q, of the composite area with respect to the y axis can be 
expressed both as the product of X and the total area and as the sum 
of the first moments of the elementary areas with respect to the y axis 
(Fig. 5.10). The ordinate Y of the centroid is found in a similar way 
by considering the first moment Q, of the composite area. We have 


Qy = X(A, As Baa A,,) = x Ay ~ X9Ag pees XyAy 


OO: = Y(Ay Ag ‘++ +A,) = yA, Tr YoAs Spee ae YnAn 


or, for short, 
Q,=XZA=3xA Q,=YETA= UA (5.8) 


These equations yield the first moments of the composite area, or 
they can be used to obtain the coordinates X and Y of its centroid. 

Care should be taken to assign the appropriate sign to the 
moment of each area. First moments of areas, like moments of 
forces, can be positive or negative. For example, an area whose cen- 
troid is located to the left of the y axis will have a negative first 
moment with respect to that axis. Also, the area of a hole should be 
assigned a negative sign (Fig. 5.11). 

Similarly, it is possible in many cases to determine the center 
of gravity of a composite wire or the centroid of a composite line 
by dividing the wire or line into simpler elements (see Sample 
Prob. 5.2). 


5.5 Composite Plates and Wires 


GaAs 


w 


JT 


|< — %, —>| 


al 
> 


A, Semicircle —|+ 


Ag Full rectangle 


Az Circular hole - 


Fig. 5.11 
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y SAMPLE PROBLEM 5.1 
120mm 
For the plane area shown, determine (a) the first moments with respect to 
60 mm the x and y axes, (b) the location of the centroid. 
| 40 mm 
80 mm 
60 be a 
SOLUTION 
Components of Area. The area is obtained by adding a rectangle, a tri- 
angle, and a semicircle and by then subtracting a circle. Using the coordi- 
nate axes shown, the area and the coordinates of the centroid of each of the 
component areas are determined and entered in the table below. The area 
of the circle is indicated as negative, since it is to be subtracted from the 
other areas. We note that the coordinate y of the centroid of the triangle is 
negative for the axes shown. The first moments of the component areas with 
respect to the coordinate axes are computed and entered in the table. 
y y y y y 
4r, 
120 mm me eo || SRD am 
r, = 60mm Onna Me i ro = 40 mm 
orm (eal Ls 40 mm 2 ! I 3 
80 mm | i 80 i 105.46 mm 80 mm 
{40 mm | | 
2 i] " z 
60 in x * $ 1 x » 
a earn 60 mm 60 mm 
Component A, mm? x,mm y,mm xA, mm? yA, mm? 
Rectangle (120)(80) = 9.6 X 10° 60 40 +576 X 10° +384 x 10° 
Triangle 3(120)(60) = 3.6 x 10° 40 —20 +144 x 10° —72 X 10° 
Semicircle 377(60)" = 5.655 X 10° 60 105.46 +339.3 X 10° +596.4 x 10° 
Circle —7(40)? = —5.027 x 10° 60 80 —301.6 x 10° —402.2 X 10° 
A = 13.828 Xx 10° 2xA = +757.7 X 10° yA = +506.2 x 10° 


a. First Moments of the Area. 


Ox 


Oh = = 


757.7 X 10° mm? 


O. 
Qy 


Using Eqs. (5.8), we write 
= yA = 506.2 X 10° mm° 


4 
< 


506 X 10° mm® 
758 X 10° mm® 


O) 
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GO = 
| Es Y = 36.6mm 
x 
X = 54.8mm 


b. Location of Centroid. Substituting the values given in the table into 
the equations defining the centroid of a composite area, we obtain 


XZA=2xA: X(13.828 x 10° mm’) = 757.7 x 10° mm® 
X=548mm 4 

YEA = yA: (13.828 X 10° mm’) = 506.2 X 10° mm® 
Y=366mm 4 


<6 in oe 
A B 
< 24 in. >| 

e112 a 
ps | 
coe 

| 

5 in. 
B 
24 in. 


SAMPLE PROBLEM 5.2 


The figure shown is made from a piece of thin, homogeneous wire. Deter- 
mine the location of its center of gravity. 


SOLUTION 


Since the figure is formed of homogeneous wire, its center of gravity coin- 
cides with the centroid of the corresponding line. Therefore, that centroid 
will be determined. Choosing the coordinate axes shown, with origin at A, 
we determine the coordinates of the centroid of each line segment and 
compute the first moments with respect to the coordinate axes. 


Segment 


Substituting the values obtained from the table into the equations defining 
the centroid of a composite line, we obtain 
Ree. X(60 in.) = 600 in? 
YUL =ZyL:  Y(60 in.) = 180 in’ 


=10in < 
= 3in < 


| >< 
| 
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SAMPLE PROBLEM 5.3 


A uniform semicircular rod of weight W and radius r is attached to a pin 
at A and rests against a frictionless surface at B. Determine the reactions 
at A and B. 


SOLUTION 


Free-Body Diagram. A free-body diagram of the rod is drawn. The forces 
acting on the rod are its weight W, which is applied at the center of gravity 
G (whose position is obtained from Fig. 5.8B); a reaction at A, represented 
by its components A, and A,; and a horizontal reaction at B. 


Equilibrium Equations 


2 
+) 3M, = 0: iar) - w(=) = 
T 
Ww 
pea => 
T aig 
2558S 0 A, + B= 
A, = —B= ue eeeuoe 
T 
+TsF,=0:; A,-W=0 A,=Wt 


Adding the two components of the reaction at A: 


27 1/2 1/2 
A= lw e (~) A= w( + *) a 
= 2 


-1 
in C= = Sar a=tan am <q 


The answers can also be expressed as follows: 


A = 1.049W 3\72.3° B=0.318W> <4 


SOLVING PROBLEMS 
YN TOUR OWN 


Lt. this lesson we developed the general equations for locating the centers of 
gravity of two-dimensional bodies and wires [Eqs. (5.2)] and the centroids of 
plane areas [Eqs. (5.3)] and lines [Eqs. (5.4)]. In the following problems, you will 
have to locate the centroids of composite areas and lines or determine the first 
moments of the area for composite plates [Eqs. (5.8)]. 


1. Locating the centroids of composite areas and lines. Sample Problems 5.1 
and 5.2 illustrate the procedure you should follow when solving problems of this 
type. There are, however, several points that should be emphasized. 

a. The first step in your solution should be to decide how to construct the 
given area or line from the common shapes of Fig. 5.8. You should recognize that 
for plane areas it is often possible to construct a particular shape in more than one 
way. Also, showing the different components (as is done in Sample Prob. 5.1) will 
help you to correctly establish their centroids and areas or lengths. Do not forget 
that you can subtract areas as well as add them to obtain a desired shape. 

b. We strongly recommend that for each problem you construct a table con- 
taining the areas or lengths and the respective coordinates of the centroids. It is 
essential for you to remember that areas which are “removed” (for example, holes) 
are treated as negative. Also, the sign of negative coordinates must be included. 
Therefore, you should always carefully note the location of the origin of the coor- 
dinate axes. 

c. When possible, use symmetry [Sec. 5.4] to help you determine the location 
of a centroid. 

d. In the formulas for the circular sector and for the arc of a circle in Fig. 5.8, 
the angle a must always be expressed in radians. 


2. Calculating the first moments of an area. The procedures for locating the 
centroid of an area and for determining the first moments of an area are similar; 
however, for the latter it is not necessary to compute the total area. Also, as noted 
in Sec. 5.4, you should recognize that the first moment of an area relative to a 
centroidal axis is zero. 


3. Solving problems involving the center of gravity. The bodies considered in 
the following problems are homogeneous; thus, their centers of gravity and cen- 
troids coincide. In addition, when a body that is suspended from a single pin is in 
equilibrium, the pin and the body's center of gravity must lie on the same vertical 
line. 


It may appear that many of the problems in this lesson have little to do with the 
study of mechanics. However, being able to locate the centroid of composite 
shapes will be essential in several topics that you will soon encounter. 
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PROBLEMS 


30mm —| |/- 


300 mm 36 


m x12 a 21 in. ——~>| 
| Ki i 
| 


[<—— 240 mm —>| 


% 
Fig. P5.1 Fig. P5.2 Fig. P5.3 
y 
6 in. 8 in. 
y 
|<— 6 in T 6 in. j f y 
8 in. 
— 
in. 
La te i 
7=4in. : 
6 in. 6 in. 12 in. 
| | 
‘X x 
Fig. P5.4 Fig. P5.5 Fig. P5.6 
y 
y 
y ry 
20 in. 
7 —/15 in. 
Z; 
30 in. 
x Y 60 mm 
% 
20 in. I<— 30 in. ——| 
Fig. P5.7 Fig. P5.8 Fig. P5.9 


5.10 through 5.15 Locate the centroid of the plane area shown. Problems 233 


Semiellipse 


Parabola 


70 mm 


iy NZ x I< 80 mm = 7 


Fig. P5.10 Fig. P5.11 Fig. P5.12 


Vertex 


y Parabola 


—30 mm =o : a ee 


Fig. P5.13 Fig. P5.14 Fig. P5.15 


5.16 Determine the y coordinate of the centroid of the shaded area in 
terms of rj, rs, and a. 


<——— (| ——> 


af bes J 


Fig. P5.16 and P5.17 


b 
y =kx? 
5.17 Show that as r,; approaches rz, the location of the centroid 
approaches that for an arc of circle of radius (ry + 19)/2. \ 
x 
5.18 For the area shown, determine the ratio a/b for which x = y. Fig. P5.18 


5.19 For the semiannular area of Prob. 5.11, determine the ratio r9/r, 
so that y = 3r)/4. 
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of Gravity 


7.5 in. 


45in. 4.5 in. 
Fig. P5.21 


5.20 A composite beam is constructed by bolting four plates to four 
60 X 60 X 12-mm angles as shown. The bolts are equally spaced 
along the beam, and the beam supports a vertical load. As proved 
in mechanics of materials, the shearing forces exerted on the bolts 
at A and B are proportional to the first moments with respect to 
the centroidal x axis of the red shaded areas shown, respectively, 
in parts a and b of the figure. Knowing that the force exerted 
on the bolt at A is 280 N, determine the force exerted on the bolt 


at B. 
300 mm 12mm 
ae 
eo a 
60 mm ) q \9B d 
12mm |4— 
e 450 mm C 
x x 
60 mm 
¥ p q ) fr 
[ ia! Le, ] 1 [ [be ] 
= — " = — 


12 mm 


Fig. P5.20 


5.21 and 5.22 The horizontal x axis is drawn through the centroid 
C of the area shown, and it divides the area into two component 
areas A, and Ag. Determine the first moment of each component 
area with respect to the x axis, and explain the results obtained. 


2.00 in. 
0.78 in, 2” 'S00in, 
Fig. P5.22 


5.23 The first moment of the shaded area with respect to the x axis Problems D235 
is denoted by Q,. (a) Express Q, in terms of b, c, and the distance 
y from the base of the shaded area to the x axis. (b) For what 
value of y is Q, maximum, and what is that maximum value? 


io} 
Loe) 


I< } —>| 
Fig. P5.23 


5.24 through 5.27 A thin, homogeneous wire is bent to form the 
perimeter of the figure indicated. Locate the center of gravity of 
the wire figure thus formed. 

5.24 Fig. P5.1. 
5.25 Fig. P5.2. 
5.26 Fig. P5.3. 
5.27 Fig, P57. 


5.28 A uniform circular rod of weight 8 Ib and radius 10 in. is attached 
to a pin at C and to the cable AB. Determine (a) the tension in 
the cable, (b) the reaction at C. Fig. P5.28 


5.29 Member ABCDE is a component of a mobile and is formed from 
a single piece of aluminum tubing. Knowing that the member is 
supported at C and that / = 2 m, determine the distance d so that 
portion BCD of the member is horizontal. 


a 


AC 
< } h 
55° 55° 
0.75 m 
V A 
l 


E 


Fig. P5.29 and P5.30 


5.30 Member ABCDE is a component of a mobile and is formed from 
a single piece of aluminum tubing. Knowing that the member is 
supported at C and that d is 0.50 m, determine the length / of arm 
DE so that this portion of the member is horizontal. 


236 Distributed Forces: Centroids and Centers 5.31 The homogeneous wire ABC is bent into a semicircular arc and a 

of Greuly straight section as shown and is attached to a hinge at A. Deter- 
mine the value of @ for which the wire is in equilibrium for the 
indicated position. 


5.32 Determine the distance h for which the centroid of the shaded 
area is as far above line BB’ as possible when (a) k = 0.10, 


(b) k = 0.80. 


a 


vTa YY 
h 
{ 

B | | B' 
i 


Fig. P5.32 and P5.33 


5.33 Knowing that the distance h has been selected to maximize the 
distance y from line BB’ to the centroid of the shaded area, show 
that y = 2h/3. 


5.6 DETERMINATION OF CENTROIDS 
BY INTEGRATION 


The centroid of an area bounded by analytical curves (i.e., curves 
defined by algebraic equations) is usually determined by evaluating 
the integrals in Eqs. (5.3) of Sec. 5.3: 


xA = | eda yA =| yaa (5.3) 


If the element of area dA is a small rectangle of sides dx and dy, 
the evaluation of each of these integrals requires a double integra- 
tion with respect to x and y. A double integration is also necessary 
if polar coordinates are used for which dA is a small element of 
sides dr and r do. 

In most cases, however, it is possible to determine the coordi- 
nates of the centroid of an area by performing a single integration. 
This is achieved by choosing dA to be a thin rectangle or strip or a 
thin sector or pie-shaped element (Fig. 5.12); the centroid of the 
thin rectangle is located at its center, and the centroid of the thin 
sector is located at a distance 27 from its vertex (as it is for a triangle). 
The coordinates of the centroid of the area under consideration are 
then obtained by expressing that the first moment of the entire area 
with respect to each of the coordinate axes is equal to the sum (or 
integral) of the corresponding moments of the elements of area. 


Denoting by x,; and y,; the coordinates of the centroid of the element 
dA, we write 


(5.9) 


If the area A is not already known, it can also be computed from 
these elements. 

The coordinates x,; and y,; of the centroid of the element of 
area dA should be expressed in terms of the coordinates of a point 
located on the curve bounding the area under consideration. Also, 
the area of the element dA should be expressed in terms of the 
coordinates of that point and the appropriate differentials. This has 
been done in Fig. 5.12 for three common types of elements; the 
pie-shaped element of part c should be used when the equation of 
the curve bounding the area is given in polar coordinates. The 
appropriate expressions should be substituted into formulas (5.9), 
and the equation of the bounding curve should be used to express 
one of the coordinates in terms of the other. The integration is 
thus reduced to a single integration. Once the area has been deter- 
mined and the integrals in Eqs. (5.9) have been evaluated, these 
equations can be solved for the coordinates x and y of the centroid 
of the area. 

When a line is defined by an algebraic equation, its centroid can 
be determined by evaluating the integrals in Eqs. (5.4) of Sec. 5.3: 


xL =| xav gi =| ya (5.4) 


Xp =X Xel = al 

Y= yl Yay 

dA = ydx dA =(a-x)dy 
(a) (b) 


Fig. 5.12 Centroids and areas of differential elements. 


5.6 Determination of Centroids by Integration 


Xel = 3 00S 0 

= 2Qr 

Yel = 3 sin@ 

dA= u r2de 
2 
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Photo 5.2 The storage tanks shown are all 
bodies of revolution. Thus, their surface areas 
and volumes can be determined using the 
theorems of Pappus-Guldinus. 


The differential length dL should be replaced by one of the following 
expressions, depending upon which coordinate, x, y, or 6, is chosen 
as the independent variable in the equation used to define the line 
(these expressions can be derived using the Pythagorean theorem): 


After the equation of the line has been used to express one of the 
coordinates in terms of the other, the integration can be performed, 
and Eqs. (5.4) can be solved for the coordinates x and y of the cen- 
troid of the line. 


5.7 THEOREMS OF PAPPUS-GULDINUS 


These theorems, which were first formulated by the Greek geometer 
Pappus during the third century A.D. and later restated by the Swiss 
mathematician Guldinus, or Guldin, (1577-1643) deal with surfaces 
and bodies of revolution. 

A surface of revolution is a surface which can be generated by 
rotating a plane curve about a fixed axis. For example (Fig. 5.13), the 


A Cc 
Sphere Cone Torus 


Fig. 5.13 


surface of a sphere can be obtained by rotating a semicircular are ABC 
about the diameter AC, the surface of a cone can be produced by 
rotating a straight line AB about an axis AC, and the surface of a torus 
or ring can be generated by rotating the circumference of a circle 
about a nonintersecting axis. A body of revolution is a body which can 
be generated by rotating a plane area about a fixed axis. As shown in 
Fig. 5.14, a sphere, a cone, and a torus can each be generated by 
rotating the appropriate shape about the indicated axis. 


© 
ny : | 2 


Sphere Cone Torus 


Fig. 5.14 


THEOREM |. The area of a surface of revolution is equal to the 
length of the generating curve times the distance traveled by the 
centroid of the curve while the surface is being generated. 


Proof. Consider an element dL of the line L (Fig. 5.15), which 
is revolved about the x axis. The area dA generated by the element 


Qary 
dA 
Fig. 5.15 


dL is equal to 27ry dL. Thus, the entire area generated by L is 
A = f 2zry dL. Recalling that we found in Sec. 5.3 that the integral 
J y dL is equal to yL, we therefore have 


A = QnyL (5.10) 


where 2zry is the distance traveled by the centroid of L (Fig. 5.15). 
It should be noted that the generating curve must not cross the axis 
about which it is rotated; if it did, the two sections on either side of 
the axis would generate areas having opposite signs, and the theorem 


would not apply. 


THEOREM II. The volume of a body of revolution is equal to the 
generating area times the distance traveled by the centroid of the 
area while the body is being generated. 


Proof. Consider an element dA of the area A which is revolved 
about the x axis (Fig. 5.16). The volume dV generated by the element 
dA is equal to 27y dA. Thus, the entire volume generated by A is 
V = Jf 2zy dA, and since the integral f y dA is equal to yA 
(Sec. 5.3), we have 

V = 27yA (5.11) 


dA 


dV 
Fig. 5.16 


where 2zry is the distance traveled by the centroid of A. Again, it 
should be noted that the theorem does not apply if the axis of rota- 
tion intersects the generating area. 

The theorems of Pappus-Guldinus offer a simple way to compute 
the areas of surfaces of revolution and the volumes of bodies of revolu- 
tion. Conversely, they can also be used to determine the centroid of a 
plane curve when the area of the surface generated by the curve is 
known or to determine the centroid of a plane area when the volume 
of the body generated by the area is known (see Sample Prob. 5.8). 


5.7 Theorems of Pappus-Guldinus 
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SAMPLE PROBLEM 5.4 


Determine by direct integration the location of the centroid of a parabolic 


spandrel. 


SOLUTION 


Determination of the Constant k. The value of k is determined by sub- 
stituting x = a and y = b into the given equation. We have b = ka? or 
k = b/a. The equation of the curve is thus 


ab 2 : — © ip) 
Y= ee or x= pied 


Vertical Differential Element. We choose the differential element shown 
and find the total area of the figure. 


a 3 ]a 
A [as [ya [Sea = [22] au 
ne a oo. 3 


The first moment of the differential element with respect to the y axis is 
x, dA; hence, the first moment of the entire area with respect to this axis is 


“ Does bx*|* ab 


Since Q, = xA, we have 


vA = [Rada oS 7h 


Likewise, the first moment of the differential element with respect to the 
x axis is y.; dA, and the first moment of the entire area is 


= _ _ y a iT b : 2} ; = =| ab2 
a=] iuaa =| Syde=| s(t) 2a*5 |p 10 
Since Q, = yA, we have 


yA -| ye dA 


Horizontal Differential Element. The same results can be obtained by 
considering a horizontal element. The first moments of the area are 


ys) 2 
tees Su 
| zaaa =|" “(a dy =| ba 5 dy 
il b ; <,) _ ab 
=3/( sea 


Q: -| y dA -| y(a — x)dt -| u(a = ayy 


= ; @ 3p ab* 
=I ay ~ ay d 


4~ 10 
To determine x and y, the expressions obtained are again substituted into 
the equations defining the centroid of the area. 


Qy 


SAMPLE PROBLEM 5.5 


Determine the location of the centroid of the arc of circle shown. 


SOLUTION 


Since the arc is symmetrical with respect to the x axis, y = 0. A differential 
element is chosen as shown, and the length of the arc is determined by 


integration. 


-| =| rao= | dé = 2ra 


Or =O 


The first moment of the arc with respect to the y axis is 


(@, =| xan -| (r cos 0)(rd@) =r [ cos 6 dé 


=o ie 


=r|sin 0|*, = 2r sina 


Since OF = xL, we write 


x(2ra) = 2r°sina x= 


SAMPLE PROBLEM 5.6 


rsin a 


Determine the area of the surface of revolution shown, which is obtained 


by rotating a quarter-circular arc about a vertical axis. 


SOLUTION 


According to Theorem I of Pappus-Guldinus, the area generated is equal 
to the product of the length of the arc and the distance traveled by its cen- 


troid. Referring to Fig. 5.8B, we have 
= Dp iL 
G— 2 = a(1 ) 
7 7 
= 1 Tr 
A = 27xL = 2a] (1 = +)|(=) 
7 2) 
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SAMPLE PROBLEM 5.7 


The outside diameter of a pulley is 0.8 m, and the cross section of its rim is as 
shown. Knowing that the pulley is made of steel and that the density of steel 
is p = 7.85 X 10° kg/m’, determine the mass and the weight of the rim. 


SOLUTION 


The volume of the rim can be found by applying Theorem I of Pappus- 
Guldinus, which states that the volume equals the product of the given 
cross-sectional area and the distance traveled by its centroid in one complete 
revolution. However, the volume can be more easily determined if we 
observe that the cross section can be formed from rectangle I, whose area 
is positive, and rectangle IH, whose area is negative. 


Distance Traveled 
by C, mm 

Qar (375) = 2356 
Qn (365) = 2293 


Volume, mm® 


(5000)(2356) = 11.78 x 10° 
(—1800)(2293) = —4.13 x 10° 


7.65 X 10° 


y, mm 


ll 


Volume of rim 


Since 1 mm = 10°°m, we have 1 mm? = (1073 m)? = 10°° m3, and we ob- 
tan = 765 < 00 mm = (760.10 (100 am — 76> 10 


i= pV = (785 10° kg/m?)(7.65 Sal0m am) m= 60.0kge <4 
W = mg = (60.0 kg)(9.81 m/s’) = 589 kg: m/sX> W=589N <4 


SAMPLE PROBLEM 5.8 


Using the theorems of Pappus-Guldinus, determine (a) the centroid of a 
semicircular area, (b) the centroid of a semicircular arc. We recall that the 
volume and the surface area of a sphere are $ar° and 4m’, respectively. 


SOLUTION 


The volume of a sphere is equal to the product of the area of a semicircle 
and the distance traveled by the centroid of the semicircle in one revolution 
about the x axis. 

Ar 


Q 


OT 


V=20yA far =Qry(gmr’) = oy = 4 


Likewise, the area of a sphere is equal to the product of the length of the gen- 


erating semicircle and the distance traveled by its centroid in one revolution. 


A = 2ayL 


4nr = Qary (amr) 


SOLVING FROBLEMS 
YUN TOUR OWN 


L, the problems for this lesson, you will use the equations 


ca =| xdA pa =| yaa (5.3) 


a =| db gl =| ya (5.4) 


to locate the centroids of plane areas and lines, respectively. You will also apply 
the theorems of Pappus-Guldinus (Sec. 5.7) to determine the areas of surfaces of 
revolution and the volumes of bodies of revolution. 


1. Determining by direct integration the centroids of areas and lines. When 
solving problems of this type, you should follow the method of solution shown in 
Sample Probs. 5.4 and 5.5: compute A or L, determine the first moments of the 
area or the line, and solve Eqs. (5.3) or (5.4) for the coordinates of the centroid. 
In addition, you should pay particular attention to the following points. 

a. Begin your solution by carefully defining or determining each term in the 
applicable integral formulas. We strongly encourage you to show on your sketch of 
the given area or line your choice for dA or dL and the distances to its centroid. 

b. As explained in Sec. 5.6, the x and the y in the above equations represent the 
coordinates of the centroid of the differential elements dA and dL. It is important 
to recognize that the coordinates of the centroid of dA are not equal to the coordi- 
nates of a point located on the curve bounding the area under consideration. You 
should carefully study Fig. 5.12 until you fully understand this important point. 

c. To possibly simplify or minimize your computations, always examine the shape 
of the given area or line before defining the differential element that you will use. 
For example, sometimes it may be preferable to use horizontal rectangular elements 
instead of vertical ones. Also, it will usually be advantageous to use polar coordinates 
when a line or an area has circular symmetry. 

d. Although most of the integrations in this lesson are straightforward, at times 
it may be necessary to use more advanced techniques, such as trigonometric sub- 
stitution or integration by parts. Of course, using a table of integrals is the fastest 
method to evaluate difficult integrals. 


2. Applying the theorems of Pappus-Guldinus. As shown in Sample Probs. 5.6 
through 5.8, these simple, yet very useful theorems allow you to apply your knowl- 
edge of centroids to the computation of areas and volumes. Although the theorems 
refer to the distance traveled by the centroid and to the length of the generating 
curve or to the generating area, the resulting equations [Eqs. (5.10) and (5.11)] 
contain the products of these quantities, which are simply the first moments of a 
line (yL) and an area (yA), respectively. Thus, for those problems for which the 
generating line or area consists of more than one common shape, you need only 
determine yL or yA; you do not have to calculate the length of the generating 
curve or the generating area. 
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PROBLEMS 


5.34 through 5.36 Determine by direct integration the centroid of 
the area shown. Express your answer in terms of a and h. 


a—— 


Fig. P5.34 


~< a 


Fig. P5.37 


y =kx3 


| 
| 


|< a 


Fig. P5.35 Fig. P5.36 


5.37 through 5.39 Determine by direct integration the centroid of 
the area shown. 


y 
y | 
2 
a 
i { 
a Se 
ie) 2 
x a——~ | 
Fig. P5.38 Fig. P5.39 


5.40 and 5.41 Determine by direct integration the centroid of the 
area shown. Express your answer in terms of a and b. 


| 
7 


5.42 Determine by direct integration the centroid of the area shown. Problems DAS 


5.43 and 5.44 Determine by direct integration the centroid of the 
area shown. Express your answer in terms of a and b. 


y y 
x=ky? x 
b ; 
: Fig. P5.42 
b 
2 
a a x = 
|~ 9 AD 5 >| x 
Fig. P5.43 Fig. P5.44 
5.45 and 5.46 A homogeneous wire is bent into the shape shown. 
Determine by direct integration the x coordinate of its centroid. 
y 
y 
x =a cos3@ o<es% 
r. 45° 
N 
45° ' 
x 
y 3 
Fig. P5.45 Fig. P5.46 yakx* 
*5.47 A homogeneous wire is bent into the shape shown. Determine by a 
direct integration the x coordinate of its centroid. Express your | 
answer in terms of a. 
x 
*5.48 and *5.49 Determine by direct integration the centroid of the . 
area shown. Fig. P5.47 
y 
et =O0G8 5 L 
\ y 
\ 
a \ 
\ 
\ r=aee 
\ 
\ 
- i — = 
| % 0 
LoL 
2 2 x 


Fig. P5.48 Fig. P5.49 


246 plas Forces: Centroids and Centers 5.50 Determine the centroid of the area shown when a = 2 in. 
° ravity 


5.51 Determine the value of a for which the ratio x/y is 9. 


; 5.52 Determine the volume and the surface area of the solid obtained 
y= (1-5) by rotating the area of Prob. 5.1 about (a) the line x = 240 mm, 
\ (b) the y axis. 


5.53 Determine the volume and the surface area of the solid obtained 
by rotating the area of Prob. 5.2 about (a) the line y = 60 mm, 
(b) the y axis. 


5.54 Determine the volume and the surface area of the solid obtained by 
Fig. P5.50 and P5.51 rotating the area of Prob. 5.8 about (a) the x axis, (b) the y axis. 


y A' 5.55 Determine the volume of the solid generated by rotating the para- 
bolic area shown about (a) the x axis, (b) the axis AA’. 


5.56 Determine the volume and the surface area of the chain link 
shown, which is made from a 6-mm-diameter bar, if R = 10 mm 
and L = 30 mm. 


——— 


Fig. P5.55 


90° , 
<potepy Fig. P5.56 


5.57 Verify that the expressions for the volumes of the first four shapes 
in Fig. 5.21 on page 260 are correct. 


A 3-in.-diameter hole is drilled in a piece of 1-in.-thick steel; the 
hole is then countersunk as shown. Determine the volume of steel 
Fig. P5.58 removed during the countersinking process. 


5.59 Determine the capacity, in liters, of the punch bowl shown if 
R = 250 mm. 


a 


Fig. P5.59 


5.60 Three different drive belt profiles are to be studied. If at any given Problems DAT 
time each belt makes contact with one-half of the circumference 
of its pulley, determine the contact area between the belt and the 
pulley for each design. 


r= 0.25 in. 


(a) (b) (c) 
Fig. P5.60 


5.61 The aluminum shade for the small high-intensity lamp shown has 
a uniform thickness of 1 mm. Knowing that the density of alumi- 
num is 2800 kg/m’, determine the mass of the shade. 


- 


Fig. P5.61 


56mm 32mm 26mm 


Fig. P5.62 


32 mm 28 mm 


8mm 


5.62 The escutcheon (a decorative plate placed on a pipe where the pipe 
exits from a wall) shown is cast from brass. Knowing that the, 

Fig. P5. P5.64 
density of brass is 8470 kg/m*, determine the mass of the ag P5693 and IP9:6 
escutcheon. 

100 mm 

5.63 A manufacturer is planning to produce 20,000 wooden pegs having 
the shape shown. Determine how many gallons of paint should be 
ordered, knowing that each peg will be given two coats of paint 
and that one gallon of paint covers 100 fe. 


5.64 The wooden peg shown is turned from a dowel 1 in. in diameter yen ne 
and 4 in. long. Determine the percentage of the initial volume of 
the dowel that becomes waste. 
ea 
*5.65 The shade for a wall-mounted light is formed from a thin sheet of ie 


translucent plastic. Determine the surface area of the outside of the 
shade, knowing that it has the parabolic cross section shown. Fig. P5.65 
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dW 


dW=dA 


Fig. 5.17 


Photo 5.3 The roofs of the buildings shown 
must be able to support not only the total weight 
of the snow but also the nonsymmetric distributed 
loads resulting from drifting of the snow. 


*5.8 DISTRIBUTED LOADS ON BEAMS 


The concept of the centroid of an area can be used to solve other 
problems besides those dealing with the weights of flat plates. Con- 
sider, for example, a beam supporting a distributed load; this load may 
consist of the weight of materials supported directly or indirectly by 
the beam, or it may be caused by wind or hydrostatic pressure. The 
distributed load can be represented by plotting the load w supported 
per unit length (Fig. 5.17); this load is expressed in N/m or in lb/ft. 
The magnitude of the force exerted on an element of beam of length 
dx is dW = w dx, and the total load supported by the beam is 


i 
w =| w dx 
0 


We observe that the product w dx is equal in magnitude to the ele- 
ment of area dA shown in Fig. 5.17a. The load W is thus equal in 
magnitude to the total area A under the load curve: 


w=[da=a 


We now determine where a single concentrated load W, of the 
same magnitude W as the total distributed load, should be applied 
on the beam if it is to produce the same reactions at the supports 
(Fig. 5.17b). However, this concentrated load W, which represents the 
resultant of the given distributed loading, is equivalent to the loading 
only when considering the free-body diagram of the entire beam. The 
point of application P of the equivalent concentrated load W is obtained 
by expressing that the moment of W about point O is equal to the 
sum of the moments of the elemental loads dW about O: 


(OP)W = | x dW 
or, since dW = w dx = dA and W = A, 


L 
(OP)A = | xdA (5.12) 


0 


Since the integral represents the first moment with respect to the w 
axis of the area under the load curve, it can be replaced by the 
product xA. We therefore have OP = x, where x is the distance 
from the w axis to the centroid C of the area A (this is not the cen- 
troid of the beam). 

A distributed load on a beam can thus be replaced by a con- 
centrated load; the magnitude of this single load is equal to the area 
under the load curve, and its line of action passes through the cen- 
troid of that area. It should be noted, however, that the concentrated 
load is equivalent to the given loading only as far as external forces 
are concerned. It can be used to determine reactions but should not 
be used to compute internal forces and deflections. 


*5.9 FORCES ON SUBMERGED SURFACES 


The approach used in the preceding section can be used to deter- 
mine the resultant of the hydrostatic pressure forces exerted on a 
rectangular surface submerged in a liquid. Consider the rectangular 
plate shown in Fig. 5.18, which is of length L and width b, where b 
is measured perpendicular to the plane of the figure. As noted in 
Sec. 5.8, the load exerted on an element of the plate of length dv is 
w dx, where w is the load per unit length. However, this load can 
also be expressed as p dA = pb dx, where p is the gage pressure in 
the liquidt and b is the width of the plate; thus, w = bp. Since the 
gage pressure in a liquid is p = yh, where y is the specific weight 
of the liquid and h is the vertical distance from the free surface, it 
follows that 


w = bp = byh (5.13) 


which shows that the load per unit length w is proportional to h and, 
thus, varies linearly with x. 

Recalling the results of Sec. 5.8, we observe that the resultant R 
of the hydrostatic forces exerted on one side of the plate is equal in 
magnitude to the trapezoidal area under the load curve and that its 
line of action passes through the centroid C of that area. The point P 
of the plate where R is applied is known as the center of pressure.t 

Next, we consider the forces exerted by a liquid on a curved 
surface of constant width (Fig. 5.19a). Since the determination of the 
resultant R of these forces by direct integration would not be easy, we 
consider the free body obtained by detaching the volume of liquid ABD 
bounded by the curved surface AB and by the two plane surfaces AD 
and DB shown in Fig. 5.19b. The forces acting on the free body ABD 
are the weight W of the detached volume of liquid, the resultant Ry of 
the forces exerted on AD, the resultant R, of the forces exerted on BD, 
and the resultant —R of the forces exerted by the curved surface on 
the liquid. The resultant —R is equal and opposite to, and has the same 
line of action as, the resultant R of the forces exerted by the liquid on 
the curved surface. The forces W, Rj, and R, can be determined by 
standard methods; after their values have been found, the force —R is 
obtained by solving the equations of equilibrium for the free body of 
Fig. 5.19b. The resultant R of the hydrostatic forces exerted on the 
curved surface is then obtained by reversing the sense of —R. 

The methods outlined in this section can be used to determine 
the resultant of the hydrostatic forces exerted on the surfaces of dams 
and rectangular gates and vanes. The resultants of forces on sub- 
merged surfaces of variable width will be determined in Chap. 9. 


+The pressure p, which represents a load per unit area, is expressed in N/m” or in 
Ib/ft?. The derived SI unit N/mm? is called a pascal (Pa). 

{Noting that the area under the load curve is equal to wel, where we is the load per 
unit length at the center E of the plate, and recalling Eq. (5.13), we can write 


R = wel = (bpg)L = pp(bL) = ppA 


where A denotes the area of the plate. Thus, the magnitude of R can be obtained by 
multiplying the area of the plate by the pressure at its center E. The resultant R, 
however, should be applied at P, not at E. 


Fig. 5.18 


Fig. 5.19 


5.9 Forces on Submerged Surfaces 


(b) 
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w pg = 4900 N/m 
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SAMPLE PROBLEM 5.9 


A beam supports a distributed load as shown. (a) Determine the equivalent 
concentrated load. (b) Determine the reactions at the supports. 


SOLUTION 


a. Equivalent Concentrated Load. The magnitude of the resultant of the 
load is equal to the area under the load curve, and the line of action of the 
resultant passes through the centroid of the same area. We divide the area 
under the load curve into two triangles and construct the table below. To 
simplify the computations and tabulation, the given loads per unit length 
have been converted into kN/m. 


Component xA, kN -m 
Triangle I 9 
Triangle II 54 

=xA = 63 


Thus, XZA=2xA: X(18kN)=63kN-m X=35m 
The equivalent concentrated load is 
W=I18kN|) < 
and its line of action is located at a distance 
X = 3.5 mto the right of A 


b. Reactions. The reaction at A is vertical and is denoted by A; the reaction 
at B is represented by its components B, and B,. The given load can be 
considered to be the sum of two triangular loads as shown. The resultant of 
each triangular load is equal to the area of the triangle and acts at its centroid. 
We write the following equilibrium equations for the free body shown: 


Se. B.=0 < 
\ =M, = 0: (4.5 kN)(2 m) — (13.5 kN)(4 m) + B,(6 m) = 0 
B, = 10.5 kN? < 
\ =Mz = 0: +(4.5 kN)(4 m) + (13.5 kN)(2 m) — A(6 m) = 0 


A=75kN} < 


Alternative Solution. The given distributed load can be replaced by its 
resultant, which was found in part a. The reactions can be determined by 
writing the equilibrium equations =F, = 0, 2M, = 0, and XMz = 0. We 
again obtain 


B,=0 B,=105kIN} A=T75KN} < 


SAMPLE PROBLEM 5.10 


K-9 ft -- “ 10 ft >| 


The cross section of a concrete dam is as shown. Consider a 1-ft-thick sec- 
tion of the dam, and determine (a) the resultant of the reaction forces 
exerted by the ground on the base AB of the dam, (b) the resultant of the 
pressure forces exerted by the water on the face BC of the dam. The specific 
weights of concrete and water are 150 lb/ft? and 62.4 Ib/ft?, respectively. 


SOLUTION 
y 25 ft a. Ground Reaction. We choose as a free body the 1-ft-thick section 
y 4 ft AEFCDB of the dam and water. The reaction forces exerted by the ground 
pot Abt ft} Es 


on the base AB are represented by an equivalent force-couple system at A. 
Other forces acting on the free body are the weight of the dam, represented 
by the weights of its components W,, Ws, and Ws; the weight of the water 
W,; and the resultant P of the pressure forces exerted on section BD by 
the water to the right of section BD. We have 


W, = 3(9 ft) (22 ft) (1 ft) (150 lb/ft?) = 14,850 Ib 
W, = (5 ft) (22 ft)(1 ft) (150 lb/ft?) = 16,500 lb 


Ws = 3(10 ft) (18 ft)(1 ft) (150 lb/ft?) = 9000 Ib 
W, = 3(10 ft) (18 ft) (1 ft) (62.4 Ib/ft®) = 7488 Ib 
= Ct fils ft)(62.4 Ibvfts) P= (18 ft) (1 ft) (18 ft) (62.4 Ib/ft) = 10,109 Ib 


Equilibrium Equations 

53F,=0: H-10,109lb=0 H=10110lb—> < 
20: V — 14,850 lb — 16,500 Ib — 9000 lb — 7488 Ib = 0 

V = 47,840 lb? <4 


\ 2M, = 0: (14,850 Ib)(6 ft) — (16,500 Ib)(11.5 ft) 
— (9000 Ib)(17 ft) — (7488 Ib)(20 ft) + (10,109 Ib)(6 ft) + M = 0 


M = 520,960 Ib- ft) <4 


We can replace the force-couple system obtained by a single force acting at 
a distance d to the right of A, where 
Y 520,960 lb - ft 


aft ae oa = 10.89 f 
ae Se VANITS Oat 


D At 
a ae lb 


b. Resultant R of Water Forces. The parabolic section of water BCD is 
chosen as a free body. The forces involved are the resultant —R of the forces 
P= 10,109 Ib exerted by the dam on the water, the weight W4, and the force P. Since 
P @=36.5° these forces must be concurrent, —R passes through the point of intersec- 
R=12,580lb tion G of W, and P. A force triangle is drawn from which the magnitude 

and direction of —R are determined. The resultant R of the forces exerted 
B x by the water on the face BC is equal and opposite: 


R = 12,580 lb 2736.5° 
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SOLVING FROBLEMS 
JN TOUR OWN 


TT. problems in this lesson involve two common and very important types of 
loading: distributed loads on beams and forces on submerged surfaces of con- 
stant width. As we discussed in Secs. 5.8 and 5.9 and illustrated in Sample Probs. 5.9 
and 5.10, determining the single equivalent force for each of these loadings requires 
a knowledge of centroids. 


1. Analyzing beams subjected to distributed loads. In Sec. 5.8, we showed 
that a distributed load on a beam can be replaced by a single equivalent force. 
The magnitude of this force is equal to the area under the distributed load curve 
and its line of action passes through the centroid of that area. Thus, you should 
begin your solution by replacing the various distributed loads on a given beam by 
their respective single equivalent forces. The reactions at the supports of the beam 
can then be determined by using the methods of Chap. 4. 


When possible, complex distributed loads should be divided into the common- 
shape areas shown in Fig. 5.8A [Sample Prob. 5.9]. Each of these areas can then 
be replaced by a single equivalent force. If required, the system of equivalent 
forces can be reduced further to a single equivalent force. As you study Sample 
Prob. 5.9, note how we have used the analogy between force and area and the 
techniques for locating the centroid of a composite area to analyze a beam sub- 
jected to a distributed load. 


2. Solving problems involving forces on submerged bodies. The following 
points and techniques should be remembered when solving problems of this type. 

a. The pressure p at a depth h below the free surface of a liquid is equal to 
yh or pgh, where y and p are the specific weight and the density of the liquid, 
respectively. The load per unit length w acting on a submerged surface of constant 
width b is then 


w = bp = byh = bpgh 
b. The line of action of the resultant force R acting on a submerged plane 
surface is perpendicular to the surface. 


c. For a vertical or inclined plane rectangular surface of width b, the loading 
on the surface can be represented by a linearly distributed load which is trapezoi- 
dal in shape (Fig. 5.18). Further, the magnitude of R is given by 


where hx is the vertical distance to the center of the surface and A is the area of 
the surface. 


d. The load curve will be triangular (rather than trapezoidal) when the top 
edge of a plane rectangular surface coincides with the free surface of the liquid, 
since the pressure of the liquid at the free surface is zero. For this case, the line 
of action of R is easily determined, for it passes through the centroid of a trian- 
gular distributed load. 

e. For the general case, rather than analyzing a trapezoid, we suggest that you 
use the method indicated in part b of Sample Prob. 5.9. First divide the trapezoidal 
distributed load into two triangles, and then compute the magnitude of the resul- 
tant of each triangular load. (The magnitude is equal to the area of the triangle 
times the width of the plate.) Note that the line of action of each resultant force 
passes through the centroid of the corresponding triangle and that the sum of 
these forces is equivalent to R. Thus, rather than using R, you can use the two 
equivalent resultant forces, whose points of application are easily calculated. Of 
course, the equation given for R in paragraph c should be used when only the 
magnitude of R is needed. 

f. When the submerged surface of constant width is curved, the resultant force 
acting on the surface is obtained by considering the equilibrium of the volume 
of liquid bounded by the curved surface and by horizontal and vertical planes 
(Fig. 5.19). Observe that the force Ry, of Fig. 5.19 is equal to the weight of the 
liquid lying above the plane AD. The method of solution for problems involving 
curved surfaces is shown in part b of Sample Prob. 5.10. 


In subsequent mechanics courses (in particular, mechanics of materials and 
fluid mechanics), you will have ample opportunity to use the ideas introduced 
in this lesson. 
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PROBLEMS 


5.66 and 5.67 For the beam and loading shown, determine (a) the 
magnitude and location of the resultant of the distributed load, 
(b) the reactions at the beam supports. 


Vertex 
Parabola 


150 lb/ft 


120 lb/ft 800 N/m 


A B A “4 
9 ft * _——— a 


Fig. P5.66 Fig. P5.67 


200 N/m 


5.68 through 5.73 Determine the reactions at the beam supports 
for the given loading. 


6 kN/m 480 lb/ft 
600 lb/ft 
2.kN/m A 2 
, : B t c 
ana 
6m i 4m— 3 ft er 2 ft 
Fig. P5.68 Fig. P5.69 
200 lb/ft 
1000 N/m 
A B 
5 oot. 
A 1200 N/m 
6h 0 fe iu 6 ft 3.6m | 
Fig. P5.70 Fig. P5.71 
Vertex 
200 lb/ft Eaboks Parabola 
900 N/m 
100 lb/ft 
A B 7 
12 ft | 6 ft —| 

Fig. P5.72 Fig. P5.73 
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5.74 Determine (a) the distance a so that the vertical reactions at sup- Problems DH5 
ports A and B are equal, (b) the corresponding reactions at the 


supports. 


1800 N/m 600 N/m 
5.75 Determine (a) the distance a so that the reaction at support B is ' 


minimum, (b) the corresponding reactions at the supports. ‘K she 


5.76 Determine the reactions at the beam supports for the given load- 
ing when wy = 150 lb/ft. 


5.77 Determine (a) the distributed load wy at the end D of the beam Fig. P5.74 and P5.75 


ABCD for which the reaction at B is zero, (b) the corresponding 
reaction at C. 


5.78 The beam AB supports two concentrated loads and rests on soil 
that exerts a linearly distributed upward load as shown. Determine 
the values of wy and w, corresponding to equilibrium. 


450 lb/ft 


44.1 kip-ft ( == 7 D 
5.79 For the beam and loading of Prob. 5.78, determine (a) the distance A . iS 
a for which wa = 20 kN/m, (b) the corresponding value of wg. x 4 ft cle 12 ft ale > 


24kN 30 kN 
a=0.6m 0.3m 


| -—_—_—— | 


Fig. P5.76 and P5.77 


A B 
Wa 


Wz 


x 1.8m >| 
Fig. P5.78 


In the following problems, use y = 62.4 lb/ft® for the specific weight of fresh 
water and y, = "150 lb/ft? for the specific weight of concrete if U.S. customary 
units are used. With SI units, use p = 10° kg/m? for the density of fresh water 
and p, = 2.40 x 10° kg/m? for the density of concrete. (See the footnote on 
page 222 for how to determine the specific weight of a material given its 
density.) 2.4m 


|~ 48m >| 

5.80 The cross section of a concrete dam is as shown. For a 1-m-wide ele 
dam section determine (a) the resultant of the reaction forces 
exerted by the ground on the base AB of the dam, (b) the point 
of application of the resultant of part a, (c) the resultant of the 
pressure forces exerted by the water on the face BC of the dam. 


5.81 The cross section of a concrete dam is as shown. For a 1-ft-wide 
dam section determine (a) the resultant of the reaction forces 
exerted by the ground on the base AB of the dam, (b) the point 
of application of the resultant of part a, (c) the resultant of the 
pressure forces exerted by the water on the face BC of the dam. _ Fig. P5.80 


8 ft 


Fig. P5.81 
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3m 


= 


Fig. P5.82 and P5.83 


T 


Fig. P5.84 


Ocean 
A 


Marsh 


n= (eine 


Fig. P5.85 


|0.64 m—+| 


Fig. P5.88 and P5.89 


5.82 


5.83 


5.84 


5.85 


5.86 


5.87 


5.88 


5.89 


The 3 X 4-m side AB of a tank is hinged at its bottom A and is 
held in place by a thin rod BC. The maximum tensile force the 
rod can withstand without breaking is 200 kN, and the design 
specifications require the force in the rod not to exceed 20 percent 
of this value. If the tank is slowly filled with water, determine the 
maximum allowable depth of water d in the tank. 


The 3 X 4-m side of an open tank is hinged at its bottom A and 
is held in place by a thin rod BC. The tank is to be filled with 
glycerine, whose density is 1263 kg/m’. Determine the force T in 
the rod and the reactions at the hinge after the tank is filled to a 
depth of 2.9 m. 


The friction force between a 6 X 6-ft square sluice gate AB and 
its guides is equal to 10 percent of the resultant of the pressure 
forces exerted by the water on the face of the gate. Determine the 
initial force needed to lift the gate if it weighs 1000 lb. 


A freshwater marsh is drained to the ocean through an auto- 
matic tide gate that is 4 ft wide and 3 ft high. The gate is held 
by hinges located along its top edge at A and bears on a sill at 
B. If the water level in the marsh is h = 6 ft, determine the 
ocean level d for which the gate will open. (Specific weight of 
salt water = 64 Ib/ft®.) 


The dam for a lake is designed to withstand the additional force 
caused by silt that has settled on the lake bottom. Assuming that 
silt is equivalent to a liquid of density p, = 1.76 X 10° kg/m” and 
considering a 1-m-wide section of dam, determine the percentage 
increase in the force acting on the dam face for a silt accumulation 


of depth 2 m. 


Fig. P5.86 and P5.87 


The base of a dam for a lake is designed to resist up to 120 percent 
of the horizontal force of the water. After construction, it is found 
that silt (that is equivalent to a liquid of density p, = 1.76 X 10° kg/m”) 
is settling on the lake bottom at the rate of 12 mm/year. Consider- 
ing a 1-m-wide section of dam, determine the number of years 
until the dam becomes unsafe. 


A 0.5 X 0.8-m gate AB is located at the bottom of a tank filled 
with water. The gate is hinged along its top edge A and rests on a 
frictionless stop at B. Determine the reactions at A and B when 
cable BCD is slack. 


A 0.5 X 0.8-m gate AB is located at the bottom of a tank filled 
with water. The gate is hinged along its top edge A and rests on a 
frictionless stop at B. Determine the minimum tension required 
in cable BCD to open the gate. 


5.90 


5.91 


5.92 


5.93 


5.94 


5.95 


A long trough is supported by a continuous hinge along its lower 
edge and by a series of horizontal cables attached to its upper edge. 
Determine the tension in each of the cables, at a time when the 
trough is completely full of water. 


r= 2A in. 


Fig. P5.90 


A 4 X 2-ft gate is hinged at A and is held in position by rod CD. 
End D rests against a spring whose constant is 828 lb/ft. The spring 
is undeformed when the gate is vertical. Assuming that the force 
exerted by rod CD on the gate remains horizontal, determine the 
minimum depth of water d for which the bottom B of the gate will 
move to the end of the cylindrical portion of the floor. 


Solve Prob. 5.91 if the gate weighs 1000 Ib. 


A prismatically shaped gate placed at the end of a freshwater chan- 
nel is supported by a pin and bracket at A and rests on a frictionless 
support at B. The pin is located at a distance h = 0.10 m below 
the center of gravity C of the gate. Determine the depth of water 
d for which the gate will open. 


A prismatically shaped gate placed at the end of a freshwater chan- 
nel is supported by a pin and bracket at A and rests on a frictionless 
support at B. Determine the distance h if the gate is to open when 
d = 0.75 m. 


A 55-gallon 23-in.-diameter drum is placed on its side to act as a 
dam in a 30-in.-wide freshwater channel. Knowing that the drum 
is anchored to the sides of the channel, determine the resultant of 
the pressure forces acting on the drum. 


| 


Fig. P5.95 


Fig. P5.93 and P5.94 


Problems 
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Photo 5.4 To predict the flight characteristics 
of the modified Boeing 747 when used to 
transport a space shuttle, the center of gravity of 
each craft had to be determined. 


VOLUMES 


5.10 CENTER OF GRAVITY OF A THREE-DIMENSIONAL 
BODY. CENTROID OF A VOLUME 


The center of gravity G of a three-dimensional body is obtained by 
dividing the body into small elements and by then expressing that 
the weight W of the body acting at G is equivalent to the system of 
distributed forces AW representing the weights of the small ele- 
ments. Choosing the y axis to be vertical with positive sense upward 
(Fig. 5.20) and denoting by r the position vector of G, we write that 

y y 


AW 


AW =-AWj 


W=-Wj 


Fig. 5.20 
W is equal to the sum of the elemental weights AW and that its 
moment about O is equal to the sum of the moments about O of 
the elemental weights: 


SF: —Wj = X(-AWj) 


=Mo: r X (—Wj) = 2[r x (—AWj)] ele) 
Rewriting the last equation in the form 
rW X (-j) = (2r AW) x (-j) (5.15) 


we observe that the weight W of the body is equivalent to the system 
of the elemental weights AW if the following conditions are satisfied: 


W = AW rW = Yr AW 


Increasing the number of elements and simultaneously decreasing 
the size of each element, we obtain in the limit 


(5.16) 


We note that the relations obtained are independent of the orienta- 
tion of the body. For example, if the body and the coordinate axes 
were rotated so that the z axis pointed upward, the unit vector —j 
would be replaced by —k in Eqs. (5.14) and (5.15), but the relations 
(5.16) would remain unchanged. Resolving the vectors r and r into 
rectangular components, we note that the second of the relations 
(5.16) is equivalent to the three scalar equations 


(5.17) 


If the body is made of a homogeneous material of specific 
weight y, the magnitude dW of the weight of an infinitesimal ele- 
ment can be expressed in terms of the volume dV of the element, 
and the magnitude W of the total weight can be expressed in terms 
of the total volume V. We write 


dW=ydv W=yV 


Substituting for dW and W in the second of the relations (5.16), we 
write 


rV= | rdV (5.18) 


or, in scalar form, 
av =| xav gv =| yav av =| zav (5.19) 


The point whose coordinates are x, y, z is also known as the centroid 
C of the volume V of the body. If the body is not homogeneous, 
Eqs. (5.19) cannot be used to determine the center of gravity of the 
body; however, Eqs. (5.19) still define the centroid of the volume. 

The integral f x dV is known as the first moment of the volume 
with respect to the yz plane. Similarly, the integrals [ y dV and fz dV 
define the first moments of the volume with respect to the zx plane 
and the xy plane, respectively. It is seen from Eqs. (5.19) that if the 
centroid of a volume is located in a coordinate plane, the first moment 
of the volume with respect to that plane is zero. 

A volume is said to be symmetrical with respect to a given plane 
if for every point P of the volume there exists a point P’ of the same 
volume, such that the line PP’ is perpendicular to the given plane 
and is bisected by that plane. The plane is said to be a plane of sym- 
metry for the given volume. When a volume V possesses a plane of 
symmetry, the first moment of V with respect to that plane is zero, 
and the centroid of the volume is located in the plane of symmetry. 
When a volume possesses two planes of symmetry, the centroid of 
the volume is located on the line of intersection of the two planes. 
Finally, when a volume possesses three planes of symmetry which 
intersect at a well-defined point (i.e., not along a common line), the 
point of intersection of the three planes coincides with the centroid 
of the volume. This property enables us to determine immediately 
the locations of the centroids of spheres, ellipsoids, cubes, rectangu- 
lar parallelepipeds, etc. 

The centroids of unsymmetrical volumes or of volumes possess- 
ing only one or two planes of symmetry should be determined by 
integration (Sec. 5.12). The centroids of several common volumes 
are shown in Fig. 5.21. It should be observed that in general the 
centroid of a volume of revolution does not coincide with the cen- 
troid of its cross section. Thus, the centroid of a hemisphere is dif- 
ferent from that of a semicircular area, and the centroid of a cone 
is different from that of a triangle. 


5.10 Center of Gravity of a Three-Dimensional 
Body. Centroid of a Volume 
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Shape x Volume 
Hemisphere a 27a 
8 3 
Semiellipsoid 3h 2 5 
of revolution ‘8 a" ‘i 
Paraboloid h 1 ra2zh 
of revolution 3 gmt 
Cone h mah 
Pyramid A : abh 


Fig. 5.21 Centroids of common shapes and volumes. 


5.11 COMPOSITE BODIES 


If a body can be divided into several of the common shapes shown 
in Fig. 5.21, its center of gravity G can be determined by expressing 
that the moment about O of its total weight is equal to the sum of 
the moments about O of the weights of the various component parts. 
Proceeding as in Sec. 5.10, we obtain the following equations defin- 


ing the coordinates X, Y, Z of the center of gravity G. 


(5.20) 


If the body is made of a homogeneous material, its center of 
gravity coincides with the centroid of its volume, and we obtain: 


(5.21) 


5.12 DETERMINATION OF CENTROIDS OF VOLUMES 
BY INTEGRATION 


The centroid of a volume bounded by analytical surfaces can be 
determined by evaluating the integrals given in Sec. 5.10: 


w =| xav gv=|yav av =| zav (5.22) 


If the element of volume dV is chosen to be equal to a small cube 
of sides dx, dy, and dz, the evaluation of each of these integrals 
requires a triple integration. However, it is possible to determine the 
coordinates of the centroid of most volumes by double integration if 
dV is chosen to be equal to the volume of a thin filament (Fig. 5.22). 
The coordinates of the centroid of the volume are then obtained by 
rewriting Eqs. (5.22) as 


(5.23) 


and by then substituting the expressions given in Fig. 5.22 for the 
volume dV and the coordinates X,;, 1, 2.1. By using the equation of 
the surface to express z in terms of x and y, the integration is reduced 
to a double integration in x and y. 

If the volume under consideration possesses two planes of sym- 
metry, its centroid must be located on the line of intersection of the 
two planes. Choosing the x axis to lie along this line, we have 

y=z=0 
and the only coordinate to determine is x. This can be done with a single 
integration by dividing the given volume into thin slabs parallel to the 
yz plane and expressing dV in terms of x and dx in the equation 


(5.24) 


For a body of revolution, the slabs are circular and their volume is 
given in Fig. 5.23. 


5.12 Determination of Centroids of 
Volumes by Integration 


Xel =X Yol = Y> Fel = 3 
dV =z dx dy 
Fig. 5.22 Determination of the centroid 
of a volume by double integration. 


Xe] = Xx 


dV =amr2 dx 


Fig. 5.23 Determination of the 
centroid of a body of revolution. 
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SAMPLE PROBLEM 5.11 


Determine the location of the center of gravity of the homogeneous body 
of revolution shown, which was obtained by joining a hemisphere and a 
cylinder and carving out a cone. 


Yy 
- mm =| 
ai 


SOLUTION 


Because of symmetry, the center of gravity lies on the x axis. As shown in 
the figure below, the body can be obtained by adding a hemisphere to a 
cylinder and then subtracting a cone. The volume and the abscissa of the 
centroid of each of these components are obtained from Fig. 5.21 and are 
entered in the table below. The total volume of the body and the first 
moment of its volume with respect to the yz plane are then determined. 


50 mm 


3 (60 mm) = 22.5 mm (100 mm) = 75 mm 


2 
4 


Component Volume, mm? x, mm|xV, mm‘ 
Hemisphere e (60)> = (014594 x 10° |—22.5 —10.18 x 10° 
Cylinder 7(60)(100) = 1.1310 x 10°}+50 +5655 X 10° 
Cone aa (60)2(100) = —0.3770 x 10° | +75 ~28,28 X 10° 
by — loa" XxV = +18.09 x 10° 


Thus, 
XEV = YxV: X(1.206 X 10° mm?) = 18.09 X 10° mm* 
X=15mm < 
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4.5 in, 


2 in. 
ak, 
2in 
Il 
V, in? 

(4.5)(2)(0.5) = 4.5 
¢77(2)°(0.5) = 1.571 
—717(0.5)7(0.5) = —0.3927 
—7(0.5)°(0.5) = —0.3927 

ZV = 5.286 


SAMPLE PROBLEM 5.12 


Locate the center of gravity of the steel machine element shown. The diame- 
ter of each hole is 1 in. 


0.5 in. 


SOLUTION 


The machine element can be obtained by adding a rectangular parallelepi- 
ped (I) to a quarter cylinder (II) and then subtracting two 1-in.-diameter 
cylinders (II and IV). The volume and the coordinates of the centroid of 
each component are determined and are entered in the table below. Using 


Wp il Sv, dha the data in the table, we then determine the total volume and the moments 


of the volume with respect to each of the coordinate planes. 


IV 4 05; y 
je (2) : 
= oS = 0.8488 in. 
x 
lin 
Cy, Cir Cry 
=| | 9.95 in. 
x, in. y, in. Zim. | #Y, in yV, in* ZV, in* 
Oa =I YSIS Tl25) ill {5 10.125 
1.3488 —0.8488 ORS 2.119 = 118383} 0.393 
O25 =I Bue —0.098 0.393 = 11 sare! 
O25 =I 135) —0.098 0.393 —0.589 
SAY = SOaks ZyV = (uly Sal = tela) 
Thus, 
XDV = DxV: ——-X(5.286 in?) = 3.048 in* X= 0577in. < 
YEV = XyV: (5.286 in®) = —5.047 in* Y= -0.955in. < 
ZIV = YZzV: Z(5.286 in®) = 8.555 in* Z= 1618in. < 
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SAMPLE PROBLEM 5.13 


Determine the location of the centroid of the half right circular cone 
shown. 


SOLUTION 


Since the xy plane is a plane of symmetry, the centroid lies in this plane 
and z = 0. A slab of thickness dx is chosen as a differential element. The 
volume of this element is 


dV = tar’ dx 


The coordinates x,; and y,; of the centroid of the element are obtained from 
Fig. 5.8 (semicircular area). 
4dr 


Gap = a Yel = Ea 


We observe that r is proportional to x and write 


ES 


The volume of the body is 


h h 2 2 
v=|av=/ jn? de =| n(2x) peel 
a 3 h 6 


The moment of the differential element with respect to the yz plane is 
x, dV; the total moment of the body with respect to this plane is 


7 E 1 h A a mra7h? 
xq dV =| x(gmr-)dx =| x(g7) at k= ——— 
0 0 


8 
Thus, 


w =| sudv x = x=3h < 


Likewise, the moment of the differential element with respect to the zx 
plane is y,; dV; the total moment is 


h h 3 3 
-_ Dl eee ies <3 (¢ ) _@h 
| ivav =| aq eT \dx 3 |, Ao dx 6 


Thus, 
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SOLVING FROBLEMS 
UN TOUR OWN 


ik the problems for this lesson, you will be asked to locate the centers of gravity 
of three-dimensional bodies or the centroids of their volumes. All of the tech- 
niques we previously discussed for two-dimensional bodies—using symmetry, 
dividing the body into common shapes, choosing the most efficient differential 
element, etc.—may also be applied to the general three-dimensional case. 


1. Locating the centers of gravity of composite bodies. In general, Eqs. (5.20) must 
be used: _ _ _ 
X=W = TxW Y2ZW = 2yw ZuIW = =ZW (5.20) 


However, for the case of a homogeneous body, the center of gravity of the body 
coincides with the centroid of its volume. Therefore, for this special case, the 
center of gravity of the body can also be located using Eqs. (5.21): 


XEV=3EV YIV=HDV ZIV = =zV (5.21) 


You should realize that these equations are simply an extension of the equations 
used for the two-dimensional problems considered earlier in the chapter. As the 
solutions of Sample Probs. 5.11 and 5.12 illustrate, the methods of solution for 
two- and three-dimensional problems are identical. Thus, we once again strongly 
encourage you to construct appropriate diagrams and tables when analyzing com- 
posite bodies. Also, as you study Sample Prob. 5.12, observe how the x and y 
coordinates of the centroid of the quarter cylinder were obtained using the equa- 
tions for the centroid of a quarter circle. 


We note that two special cases of interest occur when the given body consists of 
either uniform wires or uniform plates made of the same material. 

a. For a body made of several wire elements of the same uniform cross sec- 
tion, the cross-sectional area A of the wire elements will factor out of Eqs. (5.21) 
when V is replaced with the product AL, where L is the length of a given element. 
Equations (5.21) thus reduce in this case to 


XELSEe YS Sy Zh = Dat 


b. For a body made of several plates of the same uniform thickness, the thickness t 
of the plates will factor out of Eqs. (5.21) when V is replaced with the product A, 
where A is the area of a given plate. Equations (5.21) thus reduce in this case to 


XTA=2xA YXA= YA ZEA = ZA 


2. Locating the centroids of volumes by direct integration. As explained in Sec. 5.12, 
evaluating the integrals of Eqs. (5.22) can be simplified by choosing either a thin fila- 
ment (Fig. 5.22) or a thin slab (Fig. 5.23) for the element of volume dV. Thus, you 
should begin your solution by identifying, if possible, the dV which produces the 
single or double integrals that are the easiest to compute. For bodies of revolution, 
this may be a thin slab (as in Sample Prob. 5.13) or a thin cylindrical shell. However, 
it is important to remember that the relationship that you establish among the vari- 
ables (like the relationship between r and x in Sample Prob. 5.13) will directly affect 
the complexity of the integrals you will have to compute. Finally, we again remind 
you that x, yi, and Z,; in Eqs. (5.23) are the coordinates of the centroid of dV. 
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PROBLEMS 


5.96 Determine the location of the centroid of the composite body 
shown when (a) h = 2b, (b) h = 2.5b. 


Fig. P5.97 and P5.98 


5.98 Determine the z coordinate of the centroid of the body shown. 
(Hint: Use the result of Sample Prob. 5.13.) 


5.99 The composite body shown is formed by removing a semiellipsoid 
of revolution of semimajor axis h and semiminor axis a/2 from a 
hemisphere of radius a. Determine (a) the y coordinate of the 
centroid when h = a/2, (b) the ratio h/a for which y = —0.4a. 


Fig. P5.99 


5.100 For the stop bracket shown, locate the x coordinate of the center Problems 9267 
of gravity. 


5.101 For the stop bracket shown, locate the z coordinate of the center 
of gravity. 


5.102 and 5.103 For the machine element shown, locate the y coor- 
dinate of the center of gravity. 


ae 55 nim 
34mm Ns Ps 


Fig. P5.100 and P5.101 


Fig. P5.102 and P5.105 


5.104 For the machine element shown, locate the z coordinate of the 
center of gravity. 


5.105 For the machine element shown, locate the x coordinate of the 
center of gravity. 


12m 


Fig. P5.106 Fig. P5.107 


5.106 and 5.107 Locate the center of gravity of the sheet-metal form 
shown. 
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5.108 A wastebasket, designed to fit in the corner of a room, is 16 in. 
high and has a base in the shape of a quarter circle of radius 10 in. 
Locate the center of gravity of the wastebasket, knowing that it is 
made of sheet metal of uniform thickness. 


y 


10 in? | 


f 


Le 


v4 
Fig. P5.108 


5.109 A mounting bracket for electronic components is formed from 
sheet metal of uniform thickness. Locate the center of gravity of 
the bracket. 


y 


r = 0.625 in. 


1.25 LF nm 
0.75 in. 
Fig. P5.109 


5.110 A thin sheet of plastic of uniform thickness is bent to form a desk 
organizer. Locate the center of gravity of the organizer. 


Fig. P5.110 


5.111 A window awning is fabricated from sheet metal of uniform thick Problems D6Q 
ness. Locate the center of gravity of the awning. 


Fig. P5.111 


5.112 An elbow for the duct of a ventilating system is made of sheet metal 
of uniform thickness. Locate the center of gravity of the elbow. 


Fig. P5.112 


5.113 An 8-in.-diameter cylindrical duct and a 4 X 8-in. rectangular duct 
are to be joined as indicated. Knowing that the ducts were fabri- 
cated from the same sheet metal, which is of uniform thickness, 
locate the center of gravity of the assembly. 


Fig. P5.113 


270 Peabied Forces: Centroids and Centers 5.114 A thin steel wire of uniform cross section is bent into the shape 
Or erovily shown. Locate its center of gravity. 


rw 
a 


Fig. P5.114 


5.115 and 5.116 Locate the center of gravity of the figure shown, 
knowing that it is made of thin brass rods of uniform diameter. 


y 


30 in. 


0.6m x 
z di D 
oes ae ae 


Fig. P5.115 Fig. P5.116 


5.117 The frame of a greenhouse is constructed from uniform aluminum 
channels. Locate the center of gravity of the portion of the frame 
shown. 


5.118 A scratch awl has a plastic handle and a steel blade and shank. 
Knowing that the density of plastic is 1030 kg/m? and of steel is 
7860 kg/m’, locate the center of gravity of the awl. 


50 mm T 90 mm | 10 mm 


z x 3.5 mm 
Fig. P5.117 ae 
Fig. P5.118 


5.119 A bronze bushing is mounted inside a steel sleeve. Knowing that the Problems D7] 
specific weight of bronze is 0.318 Ib/in® and of steel is 0.284 Ib/in’, 


determine the location of the center of gravity of the assembly. 11864: 


5.120 A brass collar, of length 2.5 in., is mounted on an aluminum rod of - omy 


length 4 in. Locate the Genter of gravity of the composite body. 
(Specific weights: brass = 0.306 Ib/in?, aluminum = 0.101 lb/in’,) | 
| in. 
i 
0.40 in. 
ia Y 


0.75 i ae 
I< 1.80 in: >| 
4in. Fig. P5.119 


2.5 in. 


Fig. P5.120 


5.121 The three legs of a small glass-topped table are equally spaced and 
are made of steel tubing, which has an outside diameter of 24 mm 
and a cross-sectional area of 150 mm?. The diameter and the thick- 
ness of the table top are 600 mm and 10 mm, respectively. Knowin: 
that the density of steel is 7860 kg/m* and of glass is 2190 kg/m’, 
locate the center of gravity of the table. 


<r = 280 mm 
5.122 through 5.124 Determine by direct integration the values of 
x for the two volumes obtained by passing a vertical cutting plane 
through the given shape of Fig. 5.21. The cutting plane is parallel 
to the base of the given shape and divides the shape into two vol- 

umes of equal height. 


5.122 A hemisphere Fig. P5.121 
5.123 A semiellipsoid of revolution 
5.124 A paraboloid of revolution. 


5.125 and 5.126 Locate the centroid of the volume obtained by rotat- 
ing the shaded area about the x axis. 


y =kxi3 


a 


h 
Fig. P5.125 Fig. P5.126 


272 peubis Forces: Centroids and Centers 5.127 Locate the centroid of the volume obtained by rotating the shaded 
or erovily area about the line x = h. 


|. h 
Fig. P5.127 


*5.128 Locate the centroid of the volume generated by revolving the por- 
tion of the sine curve shown about the x axis. 


y 
Den HX 
y=bsin 5 
ye » Ff 
4 
/ 
a b 
7 
/ | 
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a +}. a | 


Fig. P5.128 and P5.129 


*5.129 Locate the centroid of the volume generated by revolving the por- 
tion of the sine curve shown about the y axis. (Hint: Use a thin 
cylindrical shell of radius r and thickness dr as the element of 
volume.) 


*5.130 Show that for a regular pyramid of height h and n sides (n = 
3, 4, ...) the centroid of the volume of the pyramid is located at 
a distance h/4 above the base. 


5.131 Determine by direct integration the location of the centroid of 
one-half of a thin, uniform hemispherical shell of radius R. 


5.132 The sides and the base of a punch bowl are of uniform thickness t. 
If t <R and R = 250 mm, determine the location of the center 
Fig. P5.131 of gravity of (a) the bowl, (b) the punch. 


In| 


Fig. P5.132 


5.133 After grading a lot, a builder places four stakes to designate the 
corners of the slab for a house. To provide a firm, level base for 
the slab, the builder places a minimum of 3 in. of gravel beneath 
the slab. Determine the volume of gravel needed and the x coor- 
dinate of the centroid of the volume of the gravel. (Hint: The bot- 
tom surface of the gravel is an oblique plane, which can be 
represented by the equation y = a + bx + cz.) 


Fig. P5.133 


5.134 Determine by direct integration the location of the centroid of the 
volume between the xz plane and the portion shown of the surface 
y = 16h(ax — e\(bz — 2*)/a7b?. 


Fig. P5.134 


5.135 Locate the centroid of the section shown, which was cut from a 
thin circular pipe by two oblique planes. 


*5.136 Locate the centroid of the section shown, which was cut from an 
elliptical cylinder by an oblique plane. 


Fig. P5.135 


Fig. P5.136 
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REVIEW AND SUMMARY 


This chapter was devoted chiefly to the determination of the center 
of gravity of a rigid body, ie., to the determination of the point G 
where a single force W, called the weight of the body, can be applied 
to represent the effect of the earth’s attraction on the body. 


Center of gravity of a In the first part of the chapter, we considered two-dimensional 

two-dimensional body bodies, such as flat plates and wires contained in the xy plane. By 
adding force components in the vertical z direction and moments 
about the horizontal y and x axes [Sec. 5.2], we derived the 
relations 


w=| aw ew =| aw gw =| yaw (5.2) 


which define the weight of the body and the coordinates x and y of 


its center of gravity. 


Centroid of an area or line In the case of a homogeneous flat plate of uniform thickness [Sec. 5.3], 
the center of gravity G of the plate coincides with the centroid C of 
the area A of the plate, the coordinates of which are defined by the 
relations 


ca =| dA pa =| ya (5.3) 


Similarly, the determination of the center of gravity of a homoge- 
neous wire of uniform cross section contained in a plane reduces to 
the determination of the centroid C of the line L representing the 
wire; we have 


tle = [> dL yL = ly dL (5.4) 


First moments The integrals in Eqs. (5.3) are referred to as the first moments of 
the area A with respect to the y and x axes and are denoted by Q, 
and Q,, respectively [Sec. 5.4]. We have 


Q,=7A Q,=9A (5.6) 


The first moments of a line can be defined in a similar way. 


Properties of symmetry The determination of the centroid C of an area or line is simplified 
when the area or line possesses certain properties of symmetry. If 
the area or line is symmetric with respect to an axis, its centroid C 
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lies on that axis; if it is symmetric with respect to two axes, C is 
located at the intersection of the two axes; if it is symmetric with 
respect to a center O, C coincides with O. 


The areas and the centroids of various common shapes are tabulated in 
Fig. 5.8. When a flat plate can be divided into several of these shapes, 
the coordinates X and Y of its center of gravity G can be determined 
from the coordinates x), %9, ... and yj, Yo, . . . of the centers of 
gravity G,, Gg, .. . of the various parts [Sec. 5.5]. Equating moments 
about the y and x axes, respectively (Fig. 5.24), we have 


X=IW = 3xw YW = >yW (5.7) 


Fig. 5.24 


If the plate is homogeneous and of uniform thickness, its center of 
gravity coincides with the centroid C of the area of the plate, and 
Eqs. (5.7) reduce to 


Q, = XDA = DxA QO, = YSDA = yA (5.8) 


These equations yield the first moments of the composite area, or 
they can be solved for the coordinates X and Y of its centroid [Sam- 
ple Prob. 5.1]. The determination of the center of gravity of a com- 
posite wire is carried out in a similar fashion [Sample Prob. 5.2]. 


When an area is bounded by analytical curves, the coordinates of its 
centroid can be determined by integration [Sec. 5.6]. This can be 
done by evaluating either the double integrals in Eqs. (5.3) or a sin- 
gle integral which uses one of the thin rectangular or pie-shaped 
elements of area shown in Fig. 5.12. Denoting by x, and y,; the 
coordinates of the centroid of the element dA, we have 


0, =i = | tdA  Q, = YA =| gadA (5.9) 


It is advantageous to use the same element of area to compute both 
of the first moments Q, and Q,; the same element can also be used 
to determine the area A [Sample Prob. 5.4]. 
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composite body 
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by integration 


276 Distributed Forces: Centroids and Centers 
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Theorems of Pappus-Guldinus 


(a) (b) 


Distributed loads 


Center of gravity of a three- 
dimensional body 


Centroid of a volume 


The theorems of Pappus-Guldinus relate the determination of the 
area of a surface of revolution or the volume of a body of revolution 
to the determination of the centroid of the generating curve or area 
[Sec. 5.7]. The area A of the surface generated by rotating a curve 
of length L about a fixed axis (Fig. 5.25a) is 


A = 2ryL (5.10) 


where y represents the distance from the centroid C of the curve to 
the fixed axis. Similarly, the volume V of the body generated by 
rotating an area A about a fixed axis (Fig. 5.25b) is 


V = 27yA (5.11) 


where y represents the distance from the centroid C of the area to 
the fixed axis. 


The concept of centroid of an area can also be used to solve problems 
other than those dealing with the weight of flat plates. For example, 
to determine the reactions at the supports of a beam [Sec. 5.8], we 
can replace a distributed load w by a concentrated load W equal in 
magnitude to the area A under the load curve and passing through 
the centroid C of that area (Fig. 5.26). The same approach can be 
used to determine the resultant of the hydrostatic forces exerted on a 
rectangular plate submerged in a liquid [Sec. 5.9]. 


w w 
dW 


dW=dA We=A 


x 


deol |. a 
— 


P ab 
: ; i 
Fig. 5.26 


Kx L 


The last part of the chapter was devoted to the determination of the 
center of gravity G of a three-dimensional body. The coordinates x, 
y, = of G were defined by the relations 


ew =| raw gw =| yaw zw =| zdw (5.17) 


In the case of a homogeneous body, the center of gravity G coincides 
with the centroid C of the volume V of the body; the coordinates of 
C are defined by the relations 


ev =| xav gv =|yav av =| zav (5.19) 


If the volume possesses a plane of symmetry, its centroid C will lie 
in that plane; if it possesses two planes of symmetry, C will be located 
on the line of intersection of the two planes; if it possesses three 
planes of symmetry which intersect at only one point, C will coincide 
with that point [Sec. 5.10]. 


The volumes and centroids of various common three-dimensional 
shapes are tabulated in Fig. 5.21. When a body can be divided into 
several of these shapes, the coordinates X, Y, Z of its center of gravity 
G can be determined from the corresponding coordinates of the 


centers of gravity of its various parts [Sec. 5.11]. We have 
XIW=2xW YIW=Sy¥W ZIW= ZW (6.20) 


If the body is made of a homogeneous material, its center of gravity 
coincides with the centroid C of its volume, and we write [Sample 
Probs. 5.11 and 5.12] 


XEV=2xV YEVe=eSygV ZEV=DzZV (6.21) 


When a volume is bounded by analytical surfaces, the coordinates of 
its centroid can be determined by integration [Sec. 5.12]. To avoid 
the computation of the triple integrals in Eqs. (5.19), we can use ele- 
ments of volume in the shape of thin filaments, as shown in Fig. 5.27. 


V, ea 2) >, 
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Xg=% Go =Y> 2a= F 
dV =2 dx dy 


Fig. 5.27 


Denoting by x,, y.j, and %,; the coordinates of the centroid of the 
element dV, we rewrite Eqs. (5.19) as 


zV = | rdV 9V -| FadV  zV -| ZdV (5.23) 


which involve only double integrals. If the volume possesses two 
planes of symmetry, its centroid C is located on their line of intersec- 
tion. Choosing the x axis to lie along that line and dividing the vol- 
ume into thin slabs parallel to the yz plane, we can determine C 
from the relation 


xV =| x1 dV (5.24) 


with a single integration [Sample Prob. 5.13]. For a body of revolution, 
these slabs are circular and their volume is given in Fig. 5.28. 
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Fig. 5.28 
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REVIEW PROBLEMS 


5.137 and 5.138 Locate the centroid of the plane area shown. 


a nm 72mm 


Fig. P5.137 Fig. P5.138 


5.139 The frame for a sign is fabricated from thin, flat steel bar stock of 
mass per unit length 4.73 kg/m. The frame is supported by a pin 
at C and by a cable AB. Determine (a) the tension in the cable, 
(b) the reaction at C. 


Fig. P5.139 


5.140 Determine by direct integration the centroid of the area shown. 
Express your answer in terms of a and h. 


y 


y=mxt+b 


x 
|< a 


Fig. P5.140 


+ =—— 


5.141 Determine by direct integration the centroid of the area shown. 
Express your answer in terms of a and b. 


y = 2b -cx2 


y =kx2 
— | 


Fig. P5.141 


5.142 Knowing that two equal caps have been removed from a 10-in.- 
diameter wooden sphere, determine the total surface area of the 


remaining portion. 


5.143 Determine the reactions at the beam supports for the given 
loading. 


900 N/m 


Fig. P5.143 


5.144 A beam is subjected to a linearly distributed downward load and 
rests on two wide supports BC and DE, which exert uniformly 
distributed upward loads as shown. Determine the values of wgc 
and wp,x corresponding to equilibrium when w, = 600 N/m. 


1200 N/m 


F 
D 


0.6m | is 
0.8m 3.1m A ie 


Fig. P5.144 


5.145 The square gate AB is held in the position shown by hinges 
along its top edge A and by a shear pin at B. For a depth of 
water d = 3.5 ft, determine the force exerted on the gate by 
the shear pin. 


Ain. 


10 in. 
Fig. P5.142 
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Fig. P5.145 
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280 Distributed Forces: Centroids and Centers 5.146 Consider the composite body shown. Determine (a) the value of x 
of Gravity when h = L/2, (b) the ratio h/L for which ¥ = L. 


Fig. P5.146 


5.147 Locate the center of gravity of the sheet-metal form shown. 


Fig. P5.147 


5.148 Locate the centroid of the volume obtained by rotating the shaded 
area about the x axis. 


Fig. P5.148 


COMPUTER PROBLEMS 


5.C1_ A beam is to carry a series of uniform and uniformly varying distrib- 
uted loads as shown in part a of the figure. Divide the area under each 
portion of the load curve into two triangles (see Sample Prob. 5.9), and then 
write a computer program that can be used to calculate the reactions at A 
and B. Use this program to calculate the reactions at the supports for the 
beams shown in parts b and c of the figure. 


420 lb/ft 


Wo Wy Ws teat Abn iwi 400 lb/ft ae Ib/ft 
A af a A 
Lo, Lis Fi | |. 3 S| 3} ea 5 pele BE ae 


(a) (b) (c) 
Fig. P5.C1 


5.€2 The three-dimensional structure shown is fabricated from five thin 
steel rods of equal diameter. Write a computer program that can be used 
to calculate the coordinates of the center of gravity of the structure. Use 
this program to locate the center of gravity when (a) h = 12 m, R = 5 m, 
a = 90°; (b) h = 570 mm, R = 760 mm, a = 30°; (c) h = 21 m, R = 20 m, 
a = 135°. 


ol 


x 


wr SS 


Fig. P5.C2 


5.C€3 An open tank is to be slowly filled with water. (The density of water 
is 10° kg/m®.) Write a computer program that can be used to determine the 
resultant of the pressure forces exerted by the water on a 1-m-wide section 
of side ABC of the tank. Determine the resultant of the pressure forces for 
values of d from 0 to 3 m using 0.25-m increments. Fig. P5.C3 
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5.C4 Approximate the curve shown using 10 straight-line segments, and 
then write a computer program that can be used to determine the location 
of the centroid of the line. Use this program to determine the location of the 
centroid when (a) a = lin., L = ll in.,h = 2 in; (b)a = 2in., L = 17 in, 
h = 4in; (c)a =5in,, L = 12 in, h = 1 in. 


|= LL >| 


Fig. P5.C4 


5.C€5 Approximate the general spandrel shown using a series of n rectan- 
gles, each of width Aa and of the form bcc'b', and then write a computer 
program that can be used to calculate the coordinates of the centroid of the 
area. Use this program to locate the centroid when (a) m = 2, a = 80 mm, 
h = 80 mm; (b) m = 2, a = 80 mm, h = 500 mm: (c) m = 5, a = 80 mm, 
h = 80 mm; (d) m = 5, a = 80 mm, h = 500 mm. In each case, compare 
the answers obtained to the exact values of x and y computed from the 
formulas given in Fig. 5.8A and determine the percentage error. 


x 
< a 


Fig. P5.C5 


5.C6 Solve Prob. 5.C5, using rectangles of the form bdd'b’. 


*5.C7 A farmer asks a group of engineering students to determine the 
volume of water in a small pond. Using cord, the students first establish a 
2 X 2-ft grid across the pond and then record the depth of the water, in 
feet, at each intersection point of the grid (see the accompanying table). 
Write a computer program that can be used to determine (a) the volume 


of water in the pond, (b) the location of the center of gravity of the water. 
Approximate the depth of each 2 < 2-ft element of water using the average 
of the water depths at the four corners of the element. 
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Trusses, such as this Pratt-style 
cantilever arch bridge in New York 
State, provide both a practical and an 
economical solution to many 


engineering problems. 
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Chapter 6 Analysis of Structures 6.1 INTRODUCTION 


6.1 Introduction The problems considered in the preceding chapters concerned the 

6.2 Definition of a Truss equilibrium of a single rigid body, and all forces involved were exter- 

6.3 Simple Trusses nal to the rigid body. We now consider problems dealing with the 

6.4 Analysis of Trusses by the equilibrium of structures made of several connected parts. These 

Method of Joints problems call for the determination not only of the external forces 

6.5 qo ae Special Loading acting on the structure but also of the forces which hold together 
onditions 


the various parts of the structure. From the point of view of the 
structure as a whole, these forces are internal forces. 

Consider, for example, the crane shown in Fig. 6.la, which 
carries a load W. The crane consists of three beams AD, CF, and 
BE connected by frictionless pins; it is supported by a pin at A and 


6.6 Space Trusses 

6.7 Analysis of Trusses by the 
Method of Sections 

6.8 Trusses Made of Several Simple 


6.9 eee Carica Mohituies by a cable DG. The free-body diagram of the crane has been drawn 
ee ee g in Fig. 6.1b. The external forces, which are shown in the diagram, 


PY ae Oe ee en een include the weight W, the two components A, and A, of the reaction 
6.11 Seats Which Cease to Be Rigid A, and the force T exerted by the cable at D. The internal forces 


When Deticed Gan The; holding the various parts of the crane together do not appear in the 
eet sca atl diagram. If, however, the crane is dismembered and if a free-body 
692 Machines diagram is drawn for each of its component parts, the forces holding 


the three beams together will also be represented, since these forces 
are external forces from the point of view of each component part 
(Fig. 6.1c). 


Fig. 6.1 


It will be noted that the force exerted at B by member BE on 
member AD has been represented as equal and opposite to the force 
exerted at the same point by member AD on member BE; the 
force exerted at E by BE on CF is shown equal and opposite to the 
force exerted by CF on BE; and the components of the force exerted 
at C by CF on AD are shown equal and opposite to the components 
of the force exerted by AD on CF. This is in conformity with Newton's 
third law, which states that the forces of action and reaction between 
bodies in contact have the same magnitude, same line of action, and 
opposite sense. As pointed out in Chap. 1, this law, which is based 
on experimental evidence, is one of the six fundamental principles 
of elementary mechanics, and its application is essential to the solu- 
tion of problems involving connected bodies. 
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In this chapter, three broad categories of engineering structures 
will be considered: 


1. Trusses, which are designed to support loads and are usually 
stationary, fully constrained structures. Trusses consist exclu- 
sively of straight members connected at joints located at the 
ends of each member. Members of a truss, therefore, are two- 
force members, i.e., members acted upon by two equal and 
opposite forces directed along the member. 

2. Frames, which are also designed to support loads and are also 
usually stationary, fully constrained structures. However, like 
the crane of Fig. 6.1, frames always contain at least one mul- 
tiforce member, i.e., a member acted upon by three or more 
forces which, in general, are not directed along the 
member. 

3. Machines, which are designed to transmit and modify forces 
and are structures containing moving parts. Machines, like 
frames, always contain at least one multiforce member. 


6.2 DEFINITION OF A TRUSS 


The truss is one of the major types of engineering structures. It 
provides both a practical and an economical solution to many engi- 
neering situations, especially in the design of bridges and buildings. 
A typical truss is shown in Fig. 6.2a. A truss consists of straight 
members connected at joints. Truss members are connected at their 
extremities only; thus no member is continuous through a joint. In 
Fig. 6.2a, for example, there is no member AB; there are instead two 
distinct members AD and DB. Most actual structures are made of 
several trusses joined together to form a space framework. Each truss 
is designed to carry those loads which act in its plane and thus may 
be treated as a two-dimensional structure. 

In general, the members of a truss are slender and can sup- 
port little lateral load; all loads, therefore, must be applied to the 
various joints, and not to the members themselves. When a con- 
centrated load is to be applied between two joints, or when a dis- 
tributed load is to be supported by the truss, as in the case of a 
bridge truss, a floor system must be provided which, through the 
use of stringers and floor beams, transmits the load to the joints 
(Fig. 6.3). 

The weights of the members of the truss are also assumed to 
be applied to the joints, half of the weight of each member being 
applied to each of the two joints the member connects. Although 
the members are actually joined together by means of welded, 
bolted, or riveted connections, it is customary to assume that the 
members are pinned together; therefore, the forces acting at each 
end of a member reduce to a single force and no couple. Thus, the 
only forces assumed to be applied to a truss member are a single 
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Photo 6.1 Shown is a pin-jointed connection 
on the approach span to the San Francisco- 


Oakland Bay Bridge. 


Fig. 6.2 
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(a) (b) 
Fig. 6.4 


& Pratt a & Howe ath & Fink a 


Floor beams 


Fig. 6.3 


force at each end of the member. Each member can then be treated 
as a two-force member, and the entire truss can be considered as a 
group of pins and two-force members (Fig. 6.2b). An individual 
member can be acted upon as shown in either of the two sketches 
of Fig. 6.4. In Fig. 6.4a, the forces tend to pull the member apart, 
and the member is in tension; in Fig. 6.4b, the forces tend to com- 
press the member, and the member is in compression. A number 
of typical trusses are shown in Fig. 6.5. 


Typical Roof Trusses 


z Pratt >. F Howe >. £ Warren \ 


Fig. 6.5 
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Other Types of Trusses 


6.3 SIMPLE TRUSSES 


Consider the truss of Fig. 6.6a, which is made of four members con- 
nected by pins at A, B, C, and D. If a load is applied at B, the truss 
will greatly deform, completely losing its original shape. In contrast, 
the truss of Fig. 6.6b, which is made of three members connected 
by pins at A, B, and C, will deform only slightly under a load applied 
at B. The only possible deformation for this truss is one involving 
small changes in the length of its members. The truss of Fig. 6.6b 
is said to be a rigid truss, the term rigid being used here to indicate 
that the truss will not collapse. 


A Cc A 


Fig. 6.6 


As shown in Fig. 6.6c, a larger rigid truss can be obtained by 
adding two members BD and CD to the basic triangular truss of 
Fig. 6.6b. This procedure can be repeated as many times as desired, 
and the resulting truss will be rigid if each time two new members 
are added, they are attached to two existing joints and connected at 
a new joint.t A truss which can be constructed in this manner is 
called a simple truss. 

It should be noted that a simple truss is not necessarily made 
only of triangles. The truss of Fig. 6.6d, for example, is a simple truss 
which was constructed from triangle ABC by adding successively the 
joints D, E, F, and G. On the other hand, rigid trusses are not always 
simple trusses, even when they appear to be made of triangles. The 
Fink and Baltimore trusses shown in Fig. 6.5, for instance, are not 
simple trusses, since they cannot be constructed from a single trian- 
gle in the manner described above. All the other trusses shown in 
Fig. 6.5 are simple trusses, as may be easily checked. (For the K 
truss, start with one of the central triangles.) 

Returning to Fig. 6.6, we note that the basic triangular truss of 
Fig. 6.6b has three members and three joints. The truss of Fig. 6.6c 
has two more members and one more joint, i.e., five members and 
four joints altogether. Observing that every time two new members 
are added, the number of joints is increased by one, we find that in 
a simple truss the total number of members is m = 2n — 3, where 
n is the total number of joints. 


+The three joints must not be in a straight line. 
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Photo 6.2 Two K-+trusses were used as the 
main components of the movable bridge shown 
which moved above a large stockpile of ore. 

The bucket below the trusses picked up ore and 
redeposited it until the ore was thoroughly mixed. 
The ore was then sent to the mill for processing 
into steel. 
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Fig. 6.7 


Photo 6.3 Because roof trusses, such as those 
shown, require support only at their ends, it is 
possible to construct buildings with large, 
unobstructed floor areas. 


6.4 ANALYSIS OF TRUSSES BY THE METHOD 
OF JOINTS 


We saw in Sec. 6.2 that a truss can be considered as a group of pins 
and two-force members. The truss of Fig. 6.2, whose free-body diagram 
is shown in Fig. 6.7a, can thus be dismembered, and a free-body dia- 
gram can be drawn for each pin and each member (Fig. 6.7b). Each 
member is acted upon by two forces, one at each end; these forces have 
the same magnitude, same line of action, and opposite sense (Sec. 4.6). 
Furthermore, Newton's third law indicates that the forces of action and 
reaction between a member and a pin are equal and opposite. There- 
fore, the forces exerted by a member on the two pins it connects must 
be directed along that member and be equal and opposite. The common 
magnitude of the forces exerted by a member on the two pins it con- 
nects is commonly referred to as the force in the member considered, 
even though this quantity is actually a scalar. Since the lines of action of 
all the internal forces in a truss are known, the analysis of a truss reduces 
to computing the forces in its various members and to determining 
whether each of its members is in tension or in compression. 

Since the entire truss is in equilibrium, each pin must be in 
equilibrium. The fact that a pin is in equilibrium can be expressed by 
drawing its free-body diagram and writing two equilibrium equations 
(Sec. 2.9). If the truss contains n pins, there will, therefore, be 2n 
equations available, which can be solved for 2n unknowns. In the case 
of a simple truss, we have m = 2n — 3, that is, 2n = m + 3, and the 
number of unknowns which can be determined from the free-body 
diagrams of the pins is thus m + 3. This means that the forces in all 
the members, the two components of the reaction Ry, and the reaction 
R,; can be found by considering the free-body diagrams of the pins. 

The fact that the entire truss is a rigid body in equilibrium can 
be used to write three more equations involving the forces shown in 
the free-body diagram of Fig. 6.7a. Since they do not contain any 
new information, these equations are not independent of the equa- 
tions associated with the free-body diagrams of the pins. Neverthe- 
less, they can be used to determine the components of the reactions 
at the supports. The arrangement of pins and members in a simple 
truss is such that it will then always be possible to find a joint involv- 
ing only two unknown forces. These forces can be determined by 
the methods of Sec. 2.11 and their values transferred to the adjacent 
joints and treated as known quantities at these joints. This procedure 
can be repeated until all unknown forces have been determined. 

As an example, the truss of Fig. 6.7 will be analyzed by con- 
sidering the equilibrium of each pin successively, starting with a joint 
at which only two forces are unknown. In the truss considered, all 
pins are subjected to at least three unknown forces. Therefore, the 
reactions at the supports must first be determined by considering 
the entire truss as a free body and using the equations of equilibrium 
of a rigid body. We find in this way that Ry is vertical and determine 
the magnitudes of Ry and Rg. 

The number of unknown forces at joint A is thus reduced to 
two, and these forces can be determined by considering the equilib- 
rium of pin A. The reaction R, and the forces Fac and F,p exerted 


on pin A by members AC and AD, respectively, must form a force 
triangle. First we draw Ry (Fig. 6.8); noting that Fyc and Fp are 
directed along AC and AD, respectively, we complete the triangle 
and determine the magnitude and sense of Fac and Fp. The mag- 
nitudes Fyc and Fyp represent the forces in members AC and AD. 
Since F,c is directed down and to the left, that is, toward joint A, 
member AC pushes on pin A and is in compression. Since F,p is 
directed away from joint A, member AD pulls on pin A and is in 
tension. 


Free-body diagram Force polygon 
Fac 
Yi 
Fd 
s rl 
: F AC 4 
Joint A A il wee eee 4 a 
f Fap 
Fap 
Ra 
pc 
I 
I 
I 
I 
| F 
Joint D Fpa ene 
D 
P 
Cc 
“Se Fen 
Joint C Fea /| "s 
Fep 
Fee Fgp 
Joint B Fsp - Fzc ma 
Rg 
Fig. 6.8 


We can now proceed to joint D, where only two forces, Fpc and 
Fpp, are still unknown. The other forces are the load P, which is 
given, and the force Fp, exerted on the pin by member AD. As indi- 
cated above, this force is equal and opposite to the force Fp exerted 
by the same member on pin A. We can draw the force polygon cor- 
responding to joint D, as shown in Fig. 6.8, and determine the forces 
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Fap 
Ra Fac 
Fig. 6.9 
Fgp 
R 
Fc - 
Fcop 
Fac Ra 
Fap 
Fig. 6.10 


Fpc and Fp, from that polygon. However, when more than three 
forces are involved, it is usually more convenient to solve the equa- 
tions of equilibrium =F, = 0 and =F, = 0 for the two unknown 
forces. Since both of these forces are found to be directed away from 
joint D, members DC and DB pull on the pin and are in tension. 

Next, joint C is considered; its free-body diagram is shown in 
Fig. 6.8. It is noted that both Fep and Fc, are known from the 
analysis of the preceding joints and that only Fcg is unknown. Since 
the equilibrium of each pin provides sufficient information to deter- 
mine two unknowns, a check of our analysis is obtained at this joint. 
The force triangle is drawn, and the magnitude and sense of Fx are 
determined. Since Fcg is directed toward joint C, member CB 
pushes on pin C and is in compression. The check is obtained by 
verifying that the force Fcg and member CB are parallel. 

At joint B, all of the forces are known. Since the corresponding 
pin is in equilibrium, the force triangle must close and an additional 
check of the analysis is obtained. 

It should be noted that the force polygons shown in Fig. 6.8 
are not unique. Each of them could be replaced by an alternative 
configuration. For example, the force triangle corresponding to joint 
A could be drawn as shown in Fig. 6.9. The triangle actually shown 
in Fig. 6.8 was obtained by drawing the three forces Ry, Fc, and 
Fp in tip-to-tail fashion in the order in which their lines of action 
are encountered when moving clockwise around joint A. The other 
force polygons in Fig. 6.8, having been drawn in the same way, can 
be made to fit into a single diagram, as shown in Fig. 6.10. Such a 
diagram, known as Maxwell’s diagram, greatly facilitates the graphical 
analysis of truss problems. 


*6.5 JOINTS UNDER SPECIAL LOADING 
CONDITIONS 


Consider Fig. 6.11a, in which the joint shown connects four mem- 
bers lying in two intersecting straight lines. The free-body diagram 
of Fig. 6.11b shows that pin A is subjected to two pairs of directly 
opposite forces. The corresponding force polygon, therefore, must 
be a parallelogram (Fig. 6.11c), and the forces in opposite members 
must be equal. 


(a) (b) (c) 


Consider next Fig. 6.12a, in which the joint shown connects 
three members and supports a load P. Two of the members lie in 
the same line, and the load P acts along the third member. The free- 
body diagram of pin A and the corresponding force polygon will be 
as shown in Fig. 6.11b and c, with F4, replaced by the load P. Thus, 
the forces in the two opposite members must be equal, and the force 
in the other member must equal P. A particular case of special inter- 
est is shown in Fig. 6.12b. Since, in this case, no external load is 
applied to the joint, we have P = 0, and the force in member AC is 
zero. Member AC is said to be a zero-force member. 

Consider now a joint connecting two members only. From 
Sec. 2.9, we know that a particle which is acted upon by two forces will 
be in equilibrium if the two forces have the same magnitude, same line 
of action, and opposite sense. In the case of the joint of Fig. 6.13a, 
which connects two members AB and AD lying in the same line, the 
forces in the two members must be equal for pin A to be in equilibrium. 
In the case of the joint of Fig. 6.13b, pin A cannot be in equilibrium 
unless the forces in both members are zero. Members connected as 
shown in Fig. 6.13b, therefore, must be zero-force members. 

Spotting the joints which are under the special loading condi- 
tions listed above will expedite the analysis of a truss. Consider, for 
example, a Howe truss loaded as shown in Fig. 6.14. All of the mem- 
bers represented by green lines will be recognized as zero-force 
members. Joint C connects three members, two of which lie in the 
same line, and is not subjected to any external load; member BC is 
thus a zero-force member. Applying the same reasoning to joint K, 
we find that member JK is also a zero-force member. But joint J is 
now in the same situation as joints C and K, and member IJ must be 
a zero-force member. The examination of joints C, J, and K also shows 
that the forces in members AC and CE are equal, that the forces in 
members H] and JL are equal, and that the forces in members IK 
and KL are equal. Turning our attention to joint J, where the 20-kN 
load and member HI are collinear, we note that the force in member 
HI is 20 kN (tension) and that the forces in members GI and IK are 
equal. Hence, the forces in members GI, IK, and KL are equal. 


Fig. 6.14 


Note that the conditions described above do not apply to joints B 
and D in Fig. 6.14, and it would be wrong to assume that the force in 
member DE is 25 kN or that the forces in members AB and BD are 
equal. The forces in these members and in all remaining members 
should be found by carrying out the analysis of joints A, B, D, E, F, G, 
H, and L in the usual manner. Thus, until you have become thoroughly 
familiar with the conditions under which the rules established in this 
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Photo 6.4 Three-dimensional or space trusses 
are used for broadcast and power transmission 
line towers, roof framing, and spacecraft 
applications, such as components of the 
International Space Station. 
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Fig. 6.15 


section can be applied, you should draw the free-body diagrams of all 
pins and write the corresponding equilibrium equations (or draw the 
corresponding force polygons) whether or not the joints being consid- 
ered are under one of the special loading conditions described above. 

A final remark concerning zero-force members: These mem- 
bers are not useless. For example, although the zero-force members 
of Fig. 6.14 do not carry any loads under the loading conditions 
shown, the same members would probably carry loads if the loading 
conditions were changed. Besides, even in the case considered, these 
members are needed to support the weight of the truss and to main- 
tain the truss in the desired shape. 


*6.6 SPACE TRUSSES 


When several straight members are joined together at their extremi- 
ties to form a three-dimensional configuration, the structure obtained 
is called a space truss. 

We recall from Sec. 6.3 that the most elementary two- 
dimensional rigid truss consisted of three members joined at their 
extremities to form the sides of a triangle; by adding two members at a 
time to this basic configuration, and connecting them at a new joint, it 
was possible to obtain a larger rigid structure which was defined as a 
simple truss. Similarly, the most elementary rigid space truss consists of 
six members joined at their extremities to form the edges of a tetrahedron 
ABCD (Fig. 6.15a). By adding three members at a time to this basic 
configuration, such as AE, BE, and CE, attaching them to three existing 
joints, and connecting them at a new joint,t we can obtain a larger rigid 
structure which is defined as a simple space truss (Fig. 6.15b). Observ- 
ing that the basic tetrahedron has six members and four joints and that 
every time three members are added, the number of joints is increased 
by one, we conclude that in a simple space truss the total number of 
members is m = 3n — 6, where n is the total number of joints. 

If a space truss is to be completely constrained and if the reac- 
tions at its supports are to be statically determinate, the supports 
should consist of a combination of balls, rollers, and balls and sockets 
which provides six unknown reactions (see Sec. 4.9). These unknown 
reactions may be readily determined by solving the six equations 
expressing that the three-dimensional truss is in equilibrium. 

Although the members of a space truss are actually joined to- 
gether by means of bolted or welded connections, it is assumed that 
each joint consists of a ball-and-socket connection. Thus, no couple 
will be applied to the members of the truss, and each member can be 
treated as a two-force member. The conditions of equilibrium for each 
joint will be expressed by the three equations =F, = 0, =F, = 0, and 
=F. = 0. In the case of a simple space truss containing n joints, writ- 
ing the conditions of equilibrium for each joint will thus yield 3n 
equations. Since m = 3n — 6, these equations suffice to determine 
all unknown forces (forces in m members and six reactions at the 
supports). However, to avoid the necessity of solving simultaneous 
equations, care should be taken to select joints in such an order that 
no selected joint will involve more than three unknown forces. 


+The four joints must not lie in a plane. 


20001b 1000 Ib SAMPLE PROBLEM 6.1 


Using the method of joints, determine the force in each member of the 
truss shown. 


= 
Be 


L 


SOLUTION 
2000 Ib 1000 Ib (eh Free-Body: Entire Truss. A free-body diagram of the entire truss is drawn; 


external forces acting on this free body consist of the applied loads and the 
reactions at C and E. We write the following equilibrium equations. 
+\=Mc = 0: (2000 Ib)(24 ft) + (1000 Ib)(12 ft) — E(6 ft) = 0 

E = +10,000 lb E = 10,000 Ib? 
4DF, = 0: Cc, =0 


a ih, aU —2000 Ib — 1000 Ib + 10,000 Ib + C, = 0 
C, = —7000 lb C, = 7000 Ibl 


y= 


2000 Ib Free-Body: Joint A. This joint is subjected to only two unknown forces, 
| in namely, the forces exerted by members AB and AD. A force triangle is used 
Sas lTiyy N 
ee 2000 | 
A|N 


to determine Fy, and Fyp We note that member AB pulls on the joint and 

thus is in tension and that member AD pushes on the joint and thus is in 
LAN TS compression. The magnitudes of the two forces are obtained from the 
Fag proportion 


2000 lb — Fag — Fap 


4 3 5 


Fyz = 15001bT <4 
Fry = 2500 bc <4 


Free-Body: Joint D. Since the force exerted by member AD has been 
determined, only two unknown forces are now involved at this joint. Again, 
a force triangle is used to determine the unknown forces in members DB 
and DE. 


Fp, = 2500 Ib 


Fog => Foa F pp => 2500 lb lh < 
(ep = an For = 3000 bc <4 
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1000 Ib 


B 
aPQa Fac 
4 \4 


Fp = 2500 Ib Ree 


Fg, = 1500 Ib 


Frp=3750lb = Fre 
4 f\4 
3 3 
F pp = 3000 Ib 
E= 10,000 Ib 


C, = 7000 Ib 


Fp = 5250 Ib 


3 
F p= 8750 Ib 


Free-Body: Joint B. Since more than three forces act at this joint, we 
determine the two unknown forces Fg¢ and Fg, by solving the equilibrium 
equations =F, = 0 and =F, = 0. We arbitrarily assume that both unknown 
forces act away from the joint, i.e., that the members are in tension. The 
positive value obtained for Fc indicates that our assumption was correct; 
member BC is in tension. The negative value of Fg indicates that our 
assumption was wrong; member BE is in compression. 


+T=F,=0:  —1000 — 5(2500) — $F gr = 0 
Fp = —3750 lb Fer =3750lbc < 
28, = 0 Fc — 1500 — 3(2500) — 2(3750) = 0 


Feo = +5250 Ib Frc = 5250 IbT <4 


Free-Body: Joint E. The unknown force Frc is assumed to act away from 
the joint. Summing x components, we write 


3F¢ + 3000 + 3(3750) = 0 


Fro = 8750 Ibc <4 


Summing y components, we obtain a check of our computations: 


+ =F, = 10,000 — $(3750) — $(8750) 
10,000 — 3000 — 7000 = 0 


(checks) 


Free-Body: Joint C. Using the computed values of Fcg and Fez, we can 
determine the reactions C, and C, by considering the equilibrium of 
this joint. Since these reactions have already been determined from the 
equilibrium of the entire truss, we will obtain two checks of our com- 
putations. We can also simply use the computed values of all forces acting 
on the joint (forces in members and reactions) and check that the joint is 
in equilibrium: 


4+>F, = —5250 + 2(8750) = —5250 
+TXF, = —7000 + $(8750) = —7000 


5250 = 0 
7000 = 0 


(checks) 
(checks) 


SOLVING PROBLEMS 
YN TOUR OWN 


Li this lesson you learned to use the method of joints to determine the forces in 
the members of a simple truss, that is, a truss that can be constructed from a 
basic triangular truss by adding to it two new members at a time and connecting 
them at a new joint. 


Your solution will consist of the following steps: 


1. Draw a free-body diagram of the entire truss, and use this diagram to 
determine the reactions at the supports. 


2. Locate a joint connecting only two members, and draw the free-body 
diagram of its pin. Use this free-body diagram to determine the unknown force 
in each of the two members. If only three forces are involved (the two unknown 
forces and a known one), you will probably find it more convenient to draw and 
solve the corresponding force triangle. If more than three forces are involved, you 
should write and solve the equilibrium equations for the pin, =F, = 0 and =F, = 0, 
assuming that the members are in tension. A positive answer means that the mem- 
ber is in tension, a negative answer that the member is in compression. Once the 
forces have been found, enter their values on a sketch of the truss, with T for 
tension and C for compression. 


3. Next, locate a joint where the forces in only two of the connected mem- 
bers are still unknown. Draw the free-body diagram of the pin and use it as 
indicated above to determine the two unknown forces. 


4. Repeat this procedure until the forces in all the members of the truss have 
been found. Since you previously used the three equilibrium equations associated 
with the free-body diagram of the entire truss to determine the reactions at the 
supports, you will end up with three extra equations. These equations can be used 
to check your computations. 


5. Note that the choice of the first joint is not unique. Once you have deter- 
mined the reactions at the supports of the truss, you can choose either of two 
joints as a starting point for your analysis. In Sample Prob. 6.1, we started at joint 
A and proceeded through joints D, B, E, and C, but we could also have started at 
joint C and proceeded through joints E, B, D, and A. On the other hand, having 
selected a first joint, you may in some cases reach a point in your analysis beyond 
which you cannot proceed. You must then start again from another joint to com- 
plete your solution. 


Keep in mind that the analysis of a simple truss can always be carried out 
by the method of joints. Also remember that it is helpful to outline your solution 
before starting any computations. 
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PROBLEMS 


6.1 through 6.8 Using the method of joints, determine the force 
in each member of the truss shown. State whether each member 
is in tension or compression. 


Fig. P6.1 


1 kip 4 kips 1 kip 


10.8 kips 10.8 kips 


12 ft ib 12 ft 


Fig. P6.4 Fig. P6.5 


— 5 ft >|~ 11 ft si 5 ft 
693 lb 


12 ft 


6.9 Determine the force in each member of the Pratt roof truss shown. Problems DOQQ 
State whether each member is in tension or compression. 


9.6 kN 


C E G 
x— 3.8 m i 3.2m | eal, 3.8 m | 


15m,15m15m_15m 15m 15m 


Fig. P6.9 


6.10 Determine the force in each member of the fan roof truss shown. 
State whether each member is in tension or compression. 


6.11 Determine the force in each member of the Howe roof truss 
shown. State whether each member is in tension or compression. Fig. P6.10 


600 Ib 


600 lb 


f 
300 Ib 300 Ib 6 ft 


Cc E G 
/ | 
<8 ft 8 ft 8 ft > 8 ft 300 Ib 2 ft 4 in. 


Fig. P6.11 t 
9g 6 ft 
| 
6.12 Determine the force in each member of the Gambrel roof truss c E G 
shown. State whether each member is in tension or compression. | 
<8 ft 8 ft—>— 8 ft 8 ft 
6.13 Determine the force in each member of the truss shown. Fig. P6.12 
<—__ 6m I<—- 6m 6 m—| 


1W5kN 125kN 125kN 12.5kN 


1.2kN 
2m 2m 2m 
A B Cc 


Fig. P6.13 


C 
: : 9m 9m Al 
6.14 Determine the force in each member of the roof truss shown. State 
whether each member is in tension or compression. Fig. P6.14 
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5.76 ft 5.76 ft 


ral 
400 Ib 


800 Ib 


5.76 ft | 5.76 ft 


800 Ib 
_ A 800 Ib 
400 Ib 


E G 


I< 10.54 ft | 12.5 ft / 


Fig. P6.17 and P6.18 


<< a, 


2m 2m Om 2m om om 


Fig. P6.19 and P6.20 


6.15 Determine the force in each member of the Warren bridge truss 
shown. State whether each member is in tension or compression. 


9 ft 9 ft 


|< ‘i 18 ft a 18 ft 
B D 


6 kips 6 kips 


Fig. P6.15 


6.16 Solve Prob. 6.15 assuming that the load applied at E has been 


removed. 


6.17 Determine the force in member DE and in each of the members 
located to the left of DE for the inverted Howe roof truss shown. 
State whether each member is in tension or compression. 


6.18 Determine the force in each of the members located to the right 
of DE for the inverted Howe roof truss shown. State whether each 
member is in tension or compression. 


6.19 Determine the force in each of the members located to the left of 
FG for the scissors roof truss shown. State whether each member 
is in tension or compression. 


6.20 Determine the force in member FG and in each of the members 
located to the right of FG for the scissors roof truss shown. State 
whether each member is in tension or compression. 


6.21 Determine the force in each of the members located to the left of 
line FGH for the studio roof truss shown. State whether each 
member is in tension or compression. 


Gf , 6f , 6ft 


400 Ib 
400 lb 400 lb 


| 9 ft 9 ft | 


“6 
Fig. P6.21 and P6.22 


“6h 6ft 


6.22 Determine the force in member FG and in each of the members 
located to the right of FG for the studio roof truss shown. State 
whether each member is in tension or compression. 


6.23 Determine the force in each of the members connecting joints A Problems 30] 
through F of the vaulted roof truss shown. State whether each 


member is in tension or compression. 16m 16m16m16m16m 16m 
6.24 The portion of truss shown represents the upper part of a power 1.2kN 
transmission line tower. For the given loading, determine the force : 
in each of the members located above HJ. State whether each 
member is in tension or compression. k 
1.60 m 
2.21 >| 2.21 m 
r at ID : 
A F ¥0.60 m 
= F60 m 
C ——  -e! k 
Le 1.20 m Fig. P6.23 
12kN g i 2kN 
| ——=— 10; " 
G > aa i (0.60 m 
= = 0-60 m 
T MM > @! K k 
ale »—] 7] aed 1.20 m 
a Ce | 
M P 0.60 m 


UN 


Fig. P6.24 


6.25 For the tower and loading of Prob. 6.24 and knowing that Fey = 
Fry = 1.2 kN C and Fey = 0, determine the force in member H] 
and in each of the members located between HJ and NO. State 
whether each member is in tension or compression. 


6.26 Solve Prob. 6.24 assuming that the cables hanging from the right 
side of the tower have fallen to the ground. 


6.27 Determine the force in each member of the truss shown. State 
whether each member is in tension or compression. 


. 


6.28 Determine the force in each member of the truss shown. State 5 ft 5 ft 
whether each member is in tension or compression. Fig. P6.27 


48 kN 


4m oe at 4m “esaald 
B D F 


Fig. P6.28 


302 Analysis of Structures 6.29 Determine whether the trusses of Probs. 6.3la, 6.32a, and 6.33a 
are simple trusses. 


6.30 Determine whether the trusses of Probs. 6.31b, 6.32b, and 6.33b 
are simple trusses. 


6.31 For the given loading, determine the zero-force members in each 
of the two trusses shown. 


6.32 For the given loading, determine the zero-force members in each 
of the two trusses shown. 


w/a wls 


Fig. P6.32 


6.33 For the given loading, determine the zero-force members in each 
of the two trusses shown. 


Fig. P6.33 


6.34 Determine the zero-force members in the truss of (a) Prob. 6.23, 
(b) Prob. 6.28. 


*6.35 The truss shown consists of six members and is supported by a Problems 303 
short link at A, two short links at B, and a ball and socket at D. 
Determine the force in each of the members for the given loading. 


Fig. P6.35 


*6.36 The truss shown consists of six members and is supported by a ball 
and socket at B, a short link at C, and two short links at D. Deter- 
mine the force in each of the members for P = (—2184 N)j and 


Q=0. 


*6.37 The truss shown consists of six members and is supported by a 
ball and socket at B, a short link at C, and two short links at D. 
Determine the force in each of the members for P = 0 and 
Q = (2968 N)i. Fig. P6.36 and P6.37 


*6.38 The truss shown consists of nine members and is supported by a 
ball and socket at A, two short links at B, and a short link at C. 
Determine the force in each of the members for the given loading. 


7 


Fig. P6.38 


*6.39 The truss shown consists of nine members and is supported by a 
ball and socket at B, a short link at C, and two short links at D. 
(a) Check that this truss is a simple truss, that it is completely 
constrained, and that the reactions at its supports are statically 
determinate. (b) Determine the force in each member for P = 
(-1200 N)j and Q = 0. Fig. P6.39 


*6.40 Solve Prob. 6.39 for P = 0 and Q = (—900 N)k. 
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i] 


(275 Ib) i 


Fig. P6.41 and P6.42 


(240 Ib) k 


*6.41 The truss shown consists of 18 members and is supported by a ball 
and socket at A, two short links at B, and one short link at G. 
(a) Check that this truss is a simple truss, that it is completely 
constrained, and that the reactions at its supports are statically 
determinate. (b) For the given loading, determine the force in each 
of the six members joined at E. 


*6.42 The truss shown consists of 18 members and is supported by a ball 
and socket at A, two short links at B, and one short link at G. 
(a) Check that this truss is a simple truss, that it is completely 
constrained, and that the reactions at its supports are statically 
determinate. (b) For the given loading, determine the force in each 
of the six members joined at G. 


6.7 ANALYSIS OF TRUSSES BY THE METHOD 
OF SECTIONS 


The method of joints is most effective when the forces in all the 
members of a truss are to be determined. If, however, the force in 
only one member or the forces in a very few members are desired, 
another method, the method of sections, is more efficient. 

Assume, for example, that we want to determine the force in 
member BD of the truss shown in Fig. 6.16a. To do this, we must 
determine the force with which member BD acts on either joint B 
or joint D. If we were to use the method of joints, we would choose 
either joint B or joint D as a free body. However, we can also choose 
as a free body a larger portion of the truss, composed of several joints 
and members, provided that the desired force is one of the external 
forces acting on that portion. If, in addition, the portion of the truss 
is chosen so that there is a total of only three unknown forces acting 
upon it, the desired force can be obtained by solving the equations 
of equilibrium for this portion of the truss. In practice, the portion 
of the truss to be utilized is obtained by passing a section through 
three members of the truss, one of which is the desired member, 
ie., by drawing a line which divides the truss into two completely 
separate parts but does not intersect more than three members. 
Either of the two portions of the truss obtained after the intersected 
members have been removed can then be used as a free body.t 

In Fig. 6.16a, the section nn has been passed through members 
BD, BE, and CE, and the portion ABC of the truss is chosen as the 
free body (Fig. 6.16b). The forces acting on the free body are the 
loads P; and Ps at points A and B and the three unknown forces Fp, 
Fz, and Fog. Since it is not known whether the members removed 
were in tension or compression, the three forces have been arbitrarily 
drawn away from the free body as if the members were in tension. 


tIn the analysis of certain trusses, sections are passed which intersect more than three 
members; the forces in one, or possibly two, of the intersected members may be 
obtained if equilibrium equations can be found, each of which involves only one 
unknown (see Probs. 6.61 through 6.64). 


The fact that the rigid body ABC is in equilibrium can be 
expressed by writing three equations which can be solved for the 
three unknown forces. If only the force Fgp is desired, we need write 
only one equation, provided that the equation does not contain the 
other unknowns. Thus the equation 2M; = 0 yields the value of 
the magnitude Fgp of the force Fgp (Fig. 6.16b). A positive sign in 
the answer will indicate that our original assumption regarding the 
sense of Fgp was correct and that member BD is in tension; a nega- 
tive sign will indicate that our assumption was incorrect and that BD 
is in compression. 

On the other hand, if only the force Feg is desired, an equation 
which does not involve Fgp or Fz should be written; the appropriate 
equation is XM, = 0. Again a positive sign for the magnitude F¢g of 
the desired force indicates a correct assumption, that is, tension; and a 
negative sign indicates an incorrect assumption, that is, compression. 

If only the force Fz, is desired, the appropriate equation is 
=F, = 0. Whether the member is in tension or compression is again 
determined from the sign of the answer. 

When the force in only one member is determined, no inde- 
pendent check of the computation is available. However, when all 
the unknown forces acting on the free body are determined, the 
computations can be checked by writing an additional equation. For 
instance, if Fgp, Fpr, and For are determined as indicated above, 
the computation can be checked by verifying that =F, = 0. 


*6.8 TRUSSES MADE OF SEVERAL SIMPLE TRUSSES 


Consider two simple trusses ABC and DEF. If they are connected by 
three bars BD, BE, and CE as shown in Fig. 6.17a, they will form 
together a rigid truss ABDF. The trusses ABC and DEF can also be 
combined into a single rigid truss by joining joints B and D into a single 
joint B and by connecting joints C and E by a bar CE (Fig. 6.17)). 
The truss thus obtained is known as a Fink truss. It should be noted 
that the trusses of Fig. 6.17a and b are not simple trusses; they cannot 
be constructed from a triangular truss by adding successive pairs of 
members as prescribed in Sec. 6.3. They are rigid trusses, however, 
as we can check by comparing the systems of connections used to hold 
the simple trusses ABC and DEF together (three bars in Fig. 6.17a, 
one pin and one bar in Fig. 6.17b) with the systems of supports dis- 
cussed in Secs. 4.4 and 4.5. Trusses made of several simple trusses 
rigidly connected are known as compound trusses. 


6.8 Trusses Made of Several Simple Trusses 
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In a compound truss the number of members m and the num- 
ber of joints n are still related by the formula m = 2n — 3. This can 
be verified by observing that, if a compound truss is supported by a 
frictionless pin and a roller (involving three unknown reactions), the 
total number of unknowns is m + 3, and this number must be equal 
to the number 2n of equations obtained by expressing that the n pins 
are in equilibrium; it follows that m = 2n — 3. Compound trusses 
supported by a pin and a roller, or by an equivalent system of sup- 
ports, are statically determinate, rigid, and completely constrained. 
This means that all of the unknown reactions and the forces in all 
the members can be determined by the methods of statics, and that 
the truss will neither collapse nor move. The forces in the members, 
however, cannot all be determined by the method of joints, except 
by solving a large number of simultaneous equations. In the case of 
the compound truss of Fig. 6.17a, for example, it is more efficient 
to pass a section through members BD, BE, and CE to determine 
the forces in these members. 

Suppose, now, that the simple trusses ABC and DEF are con- 
nected by four bars BD, BE, CD, or CE (Fig. 6.18). The number of 
members m is now larger than 2n — 3; the truss obtained is overrigid, 
and one of the four members BD, BE, CD, or CE is said to be redun- 
dant. If the truss is supported by a pin at A and a roller at F, the 
total number of unknowns is m + 3. Since m > 2n — 3, the number 
m + 3 of unknowns is now larger than the number 2n of available 
independent equations; the truss is statically indeterminate. 

Finally, let us assume that the two simple trusses ABC and 
DEF are joined by a pin as shown in Fig. 6.19a. The number of mem- 
bers m is smaller than 2n — 3. If the truss is supported by a pin at 
A and a roller at F, the total number of unknowns is m + 3. Since 
m < 2n — 3, the number m + 3 of unknowns is now smaller than 
the number 2n of equilibrium equations which should be satisfied; 
the truss is non-rigid and will collapse under its own weight. How- 
ever, if two pins are used to support it, the truss becomes rigid 
and will not collapse (Fig. 6.19b). We note that the total number 
of unknowns is now m + 4 and is equal to the number 2n of equa- 
tions. More generally, if the reactions at the supports involve r 
unknowns, the condition for a compound truss to be statically deter- 
minate, rigid, and completely constrained is m + r = 2n. However, 
while necessary this condition is not sufficient for the equilibrium of 
a structure which ceases to be rigid when detached from its supports 
(see Sec. 6.11). 


28 kips 28 kips SAMPLE PROBLEM 6.2 


K 16kips 
Determine the force in members EF and GI of the truss shown. 


1 | I 
| “eft | Sh 


Bf | Sft 


28 kips 28 kips SO LUTION 


K 16kips Free-Body: Entire Truss. A free-body diagram of the entire truss is 
drawn; external forces acting on this free body consist of the applied 
loads and the reactions at B and J. We write the following equilibrium 


5 equations. 
| +52Mz = 0: 
By oh eh Sh 6h Sf —(28 kips)(8 ft) — (28 kips)(24 ft) — (16 kips)(10 ft) + J(32 ft) = 0 
J= +83 kips J = 33 kipsft 
28 kips 28 kips 
SSF, = 0: B, + 16 kips = 0 
A 16 kips B, = —16 kips B, = 16 kips— 


(28 kips)(24 ft) + (28 kips)(8 ft) — (16 kips)(10 ft) — B,(32 ft) = 0 
B, = +23 kips B, = 23 kipst 


Force in Member EF. Section nn is passed through the truss so that it 
intersects member EF and only two additional members. After the inter- 
sected members have been removed, the left-hand portion of the truss is 
chosen as a free body. Three unknowns are involved; to eliminate the two 
horizontal forces, we write 


+3F,=0: +23 kips — 28 kips — Fr = 0 


The sense of Frr was chosen assuming member EF to be in tension; the 
negative sign obtained indicates that the member is in compression. 


Force in Member Gl. Section mm is passed through the truss so that it 
intersects member GI and only two additional members. After the inter- 
sected members have been removed, we choose the right-hand portion of 
the truss as a free body. Three unknown forces are again involved; to elimi- 
nate the two forces passing through point H, we write 


+53M, = 0: (33 kips)(8 ft) — (16 kips)(10 ft) + Fey(10 ft) = 0 
Fer = —10.4 kips Fey = 104 kips G q 
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6 panels @ 5 m = 30 m 


—! 


12.50 kN 


Foy sin B,7 
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5kN 5kN 5kN 


n 


1kN 


B=43.1 


5° 
A 


G Itey 
Fox cos B 


K L 
_ I 5m—>| 


7.50 kN Fey = —1371kN Foy = 1.371kNC <4 


Kx—5 m—| 


SAMPLE PROBLEM 6.3 


Determine the force in members FH, GH, and GI of the roof truss 
shown. 


SOLUTION 


Free Body: Entire Truss. From the free-body diagram of the entire truss, 
we find the reactions at A and L: 


A=1250KNt} L=7.50kNt 
We note that 


J @ = 28.07° 


FG 8m 
‘ SOS = 28.07° 
tan @ CL a 0.53 a 


7.50 kN 


Force in Member Gl. Section nn is passed through the truss as shown. 
Using the portion HLI of the truss as a free body, the value of Fc; is obtained 
by writing 

ESE =  CaxuNlOmy = (Line a =Pabee an = 0 


7.50 kN 


Force in Member FH. The value of Fry is obtained from the equation 
=Mc = 0. We move Fry along its line of action until it acts at point F, 
where it is resolved into its x and y components. The moment of Fp, with 
respect to point G is now equal to (Fy cos a)(8 m). 


+5=Mc = 0: 
(7.50 kN)(15 m) — (1 kN)(10 m) — (1 kN)(5 m) + (Fry cos a)(8 m) = 0 
Fry = —13.81 kN Fry = 13.81 kNC <4 


Force in Member GH. We first note that 
(Gil 5m 


HI 2(8m 


tan B = = 0.9375 B = 48.15° 


col 


The value of Fg is then determined by resolving the force Fg} into x and 
y components at point G and solving the equation 2M; = 0. 


+5XM, = 0: (1 kN)(10 m) + (1 kN)(5 m) + (Fey cos B)(15 m) = 0 


SOLVING PROBLEMS 
UN TOUR OWN 


| he method of joints that you studied earlier is usually the best method to use 
when the forces in all the members of a simple truss are to be found. However, 
the method of sections, which was covered in this lesson, is more effective when 
the force in only one member or the forces in a very few members of a simple 
truss are desired. The method of sections must also be used when the truss is not 
a simple truss. 


A. To determine the force in a given truss member by the method of sections, 
you should follow these steps: 


1. Draw a free-body diagram of the entire truss, and use this diagram to 
determine the reactions at the supports. 


2. Pass a section through three members of the truss, one of which is the 
desired member. After you have removed these members, you will obtain two 
separate portions of truss. 


3. Select one of the two portions of truss you have obtained, and draw its 
free-body diagram. This diagram should include the external forces applied to 
the selected portion as well as the forces exerted on it by the intersected members 
before these members were removed. 


4. You can now write three equilibrium equations which can be solved for the 
forces in the three intersected members. 


5. An alternative approach is to write a single equation, which can be solved 
for the force in the desired member. To do so, first observe whether the forces 
exerted by the other two members on the free body are parallel or whether their 
lines of action intersect. 

a. If these forces are parallel, they can be eliminated by writing an equilib- 
rium equation involving components in a direction perpendicular to these two 
forces. 

b. If their lines of action intersect at a point H, they can be eliminated by 
writing an equilibrium equation involving moments about H. 


6. Keep in mind that the section you use must intersect three members only. 
This is because the equilibrium equations in step 4 can be solved for three 
unknowns only. However, you can pass a section through more than three mem- 
bers to find the force in one of those members if you can write an equilibrium 
equation containing only that force as an unknown. Such special situations are 
found in Probs. 6.61 through 6.64. 


(continued) 
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B. About completely constrained and determinate trusses: 


1. First note that any simple truss which is simply supported is a completely 
constrained and determinate truss. 


2. To determine whether any other truss is or is not completely constrained 
and determinate, you first count the number m of its members, the number n 
of its joints, and the number r of the reaction components at its supports. You 
then compare the sum m + r representing the number of unknowns and the 
product 2n representing the number of available independent equilibrium 
equations. 

a. If m + r < 2n, there are fewer unknowns than equations. Thus, some of 
the equations cannot be satisfied; the truss is only partially constrained. 

b. If m + r > 2n, there are more unknowns than equations. Thus, some of 
the unknowns cannot be determined; the truss is indeterminate. 


c. If m + r = 2n, there are as many unknowns as there are equations. This, 
however, does not mean that all the unknowns can be determined and that all the 
equations can be satisfied. To find out whether the truss is completely or improp- 
erly constrained, you should try to determine the reactions at its supports and the 
forces in its members. If all can be found, the truss is completely constrained and 
determinate. 


PROBLEMS 


12:5 ft 


ee 


elses 


6.43 A Warren bridge truss is loaded as shown. Determine the force in 6.95 ft be eam eR 
members CE, DE, and DF. 7 | i] 


6.44 A Warren bridge truss is loaded as shown. Determine the force in ; 
members EG, FG, and FH. a 
A 


6.45 Determine the force in members BD and DE of the truss shown. 


25 ft, 125f 125f | 125 ft 
135 kN A 
— 6000 Ib 6000 Ib 
Fig. P6.43 and P6.44 

24m 

| 135kN_ ||B C 

eS 
24m 

| 135kN_ [JD E 

is 
24m 

—— : 

Is 45m = 


Fig. P6.45 and P6.46 


6.46 Determine the force in members DG and EG of the truss shown. 


6.47 A floor truss is loaded as shown. Determine the force in members 
CF, EF, and EG. 


2kN 4kN 4kN 3kN 2kN 2kN 1kN 


Fig. P6.47 and P6.48 


6.48 A floor truss is loaded as shown. Determine the force in members 


LkN 
FI, HI, and H]. 


0.46 m 
| B 
6.49 A pitched flat roof truss is loaded as shown. Determine the force 


in members CE, DE, and DF. tan il | ‘i a 
Is 4 2.4 DAm: 9). 


6.50 A pitched flat roof truss is loaded as shown. Determine the force 
in members EG, GH, and HJ. Fig. P6.49 and P6.50 


m 
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312 Analysis of Structures 6.51 A Howe scissors roof truss is loaded as shown. Determine the force 
in members DF, DG, and EG. 


1.6 kips 


1.6 kips 1.6 kips 
6 kips F ey, 
de { a: 
—, 
- 8ft Sf  8ft  8ft = 


Fig. P6.51 and P6.52 


1 
0.8 kip 


6.52 A Howe scissors roof truss is loaded as shown. Determine the force 
in members GI, HI, and HJ. 


6.53 A Pratt roof truss is loaded as shown. Determine the force in 
members CE, DE, and DF. 


3kN 


= P6.53 and P6.54 


6.54 A Pratt roof truss is loaded as shown. Determine the force in 
members FH, FI, and GI. 


6.55 Determine the force in members AD, CD, and CE of the truss 
shown. 


4.5m = 4.5m i 4.5m 
20 kN 20 kN 


Fig. P6.55 and P6.56 


6.56 Determine the force in members DG, FG, and FH of the truss 
shown. 


6.57 A stadium roof truss is loaded as shown. Determine the force in 
members AB, AG, and FG. 


Sft 8 ft 6.58 A stadium roof truss is loaded as shown. Determine the force in 
Fig. P6.57 and P6.58 members AE, EF, and FY. 


6.59 A Polynesian, or duopitch, roof truss is loaded as shown. Deter- 
mine the force in members DF, EF, and EG. 


6f  6f Gf _6f , 6f Gh , Gf , 6ft 
>| 
350 lb 
acoib p> 7 EY | 00lb 300 Ib 
200 Ib 150 Ib 
I 4 ft 


Cc 


ag ft  S4h 6h 6 | S4ft 
Fig. P6.59 and P6.60 


9.6 ft 


6.60 A Polynesian, or duopitch, roof truss is loaded as shown. Deter- 
mine the force in members HI, GI, and Gj. 


6.61 Determine the force in members AF and EJ of the truss shown 
when P = Q = 1.2. KN. (Hint: Use section aa.) 


Fig. P6.61 and P6.62 


6.62 Determine the force in members AF and EJ of the truss shown 
when P = 1.2 kN and Q = 0. (Hint: Use section aa.) 


6.63 Determine the force in members EH and GI of the truss shown. 
(Hint: Use section aa.) 


sate 
bk ik 15h 4 
12kips 12kips 12 kips 


Fig. P6.63 and P6.64 


6.64 Determine the force in members HJ and IL of the truss shown. 
(Hint: Use section bb.) 


Problems 3 ] 3 


314 Analysis of Structures 6.65 and 6.66 The diagonal members in the center panels of the 


power transmission line tower shown are very slender and can act 
only in tension; such members are known as counters. For the 
given loading, determine (a) which of the two counters listed below 
is acting, (b) the force in that counter. 

6.65 Counters CJ and HE. 

6.66 Counters JO and KN. 


Pe m ar aes 2.21 m—| 
A 


48kips 48kips 48kips 24kips 2.4 kips 


Fig. P6.67 
48kips 48kips 48kips 24kips 2.4 kips 


Fig. P6.65 and P6.66 


6.67 and 6.68 The diagonal members in the center panels of the 
truss shown are very slender and can act only in tension; such 
members are known as counters. Determine the forces in the 

Fig. P6.68 counters that are acting under the given loading. 


6.69 Classify each of the structures shown as completely, partially, 
or improperly constrained; if completely constrained, further clas- 
sify as determinate or indeterminate. (All members can act both 
in tension and in compression.) 


P P P 
P P : P | 
Oo | [ 0 | | 
(b) 


(a) (c) 


Fig. P6.69 


6.70 through 6.74 Classify each of the structures shown as com- Problems 315 
pletely, partially, or improperly constrained; if completely con- 
strained, further classify as determinate or indeterminate. (All 
members can act both in tension and in compression.) 


P P } ; P l 
(a) (b) 


Fig. P6.70 a (c) 


Fig. P6.71 (a) 


ryy 


Fig. P6.72 = (a) (b) (c) 


Fig. P6.73 (a) (b) (c) 


Fig. P6.74 (a 
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FRAMES AND MACHINES 


6.9 STRUCTURES CONTAINING MULTIFORCE MEMBERS 


Under trusses, we have considered structures consisting entirely of 
pins and straight two-force members. The forces acting on the two- 
force members were known to be directed along the members them- 
selves. We now consider structures in which at least one of the 
members is a multiforce member, i.e., a member acted upon by three 
or more forces. These forces will generally not be directed along the 
members on which they act; their direction is unknown, and they 
should be represented therefore by two unknown components. 

Frames and machines are structures containing multiforce 
members. Frames are designed to support loads and are usually sta- 
tionary, fully constrained structures. Machines are designed to trans- 
mit and modify forces; they may or may not be stationary and will 
always contain moving parts. 


6.10 ANALYSIS OF A FRAME 


As a first example of analysis of a frame, the crane described in Sec. 6.1, 
which carries a given load W (Fig. 6.20a), will again be considered. 
The free-body diagram of the entire frame is shown in Fig. 6.20b. This 
diagram can be used to determine the external forces acting on the 
frame. Summing moments about A, we first determine the force T 
exerted by the cable; summing x and y components, we then deter- 
mine the components A, and A, of the reaction at the pin A. 

In order to determine the internal forces holding the various 
parts of a frame together, we must dismember the frame and draw 
a free-body diagram for each of its component parts (Fig. 6.20c). 
First, the two-force members should be considered. In this frame, 
member BE is the only two-force member. The forces acting at each 
end of this member must have the same magnitude, same line of 
action, and opposite sense (Sec. 4.6). They are therefore directed 
along BE and will be denoted, respectively, by Fgz and —Fp,z. Their 
sense will be arbitrarily assumed as shown in Fig. 6.20c; later the 
sign obtained for the common magnitude Fz of the two forces will 
confirm or deny this assumption. 

Next, we consider the multiforce members, i.e., the members 
which are acted upon by three or more forces. According to Newton's 
third law, the force exerted at B by member BE on member AD 
must be equal and opposite to the force Fgz exerted by AD on BE. 
Similarly, the force exerted at E by member BE on member CF 
must be equal and opposite to the force —F zz exerted by CF on BE. 
Thus the forces that the two-force member BE exerts on AD and 
CF are, respectively, equal to —Fgg and Fz; they have the same 
magnitude F zz and opposite sense, and should be directed as shown 
in Fig. 6.20c. 

At C two multiforce members are connected. Since neither 
the direction nor the magnitude of the forces acting at C is known, 
these forces will be represented by their x and y components. The 
components C, and C, of the force acting on member AD will be 


arbitrarily directed to the right and upward. Since, according to 
Newton’s third law, the forces exerted by member CF on AD and by 
member AD on CF are equal and opposite, the components of the 
force acting on member CF must be directed to the left and down- 
ward; they will be denoted, respectively, by —C, and —C,, Whether 
the force C, is actually directed to the right and the force —C, is 
actually directed to the left will be determined later from the sign 
of their common magnitude C,, a plus sign indicating that the 
assumption made was correct, and a minus sign that it was wrong. 
The free-body diagrams of the multiforce members are completed 
by showing the external forces acting at A, D, and F.t+ 

The internal forces can now be determined by considering the 
free-body diagram of either of the two multiforce members. Choos- 
ing the free-body diagram of CF, for example, we write the equations 
=Mc = 0, 2Mz = 0, and 2F, = 0, which yield the values of the 
magnitudes F gp, C,, and C,, respectively. These values can be checked 
by verifying that member AD is also in equilibrium. 

It should be noted that the pins in Fig. 6.20 were assumed to 
form an integral part of one of the two members they connected and 
so it was not necessary to show their free-body diagram. This assump- 
tion can always be used to simplify the analysis of frames and 
machines. When a pin connects three or more members, however, 
or when a pin connects a support and two or more members, or 
when a load is applied to a pin, a clear decision must be made in 
choosing the member to which the pin will be assumed to belong. 
(If multiforce members are involved, the pin should be attached to 
one of these members.) The various forces exerted on the pin should 
then be clearly identified. This is illustrated in Sample Prob. 6.6. 


6.11 FRAMES WHICH CEASE TO BE RIGID WHEN 
DETACHED FROM THEIR SUPPORTS 


The crane analyzed in Sec. 6.10 was so constructed that it could keep 
the same shape without the help of its supports; it was therefore 
considered as a rigid body. Many frames, however, will collapse if 
detached from their supports; such frames cannot be considered as 
rigid bodies. Consider, for example, the frame shown in Fig. 6.21a, 
which consists of two members AC and CB carrying loads P and Q 
at their midpoints; the members are supported by pins at A and B 
and are connected by a pin at C. If detached from its supports, this 
frame will not maintain its shape; it should therefore be considered 
as made of two distinct rigid parts AC and CB. 


tIt is not strictly necessary to use a minus sign to distinguish the force exerted by one 
member on another from the equal and opposite force exerted by the second member 
on the first, since the two forces belong to different free-body diagrams and thus cannot 
easily be confused. In the Sample Problems, the same symbol is used to represent equal 
and opposite forces which are applied to different free bodies. It should be noted that, 
under these conditions, the sign obtained for a given force component will not directly 
relate the sense of that component to the sense of the corresponding coordinate axis. 
Rather, a positive sign will indicate that the sense assumed for that component in the 
free-body diagram is correct, and a negative sign will indicate that it is wrong. 


6.11 Frames Which Cease to Be Rigid When 
Detached from Their Supports 
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318 Analysis of Structures The equations =F, = 0, =F, = 0, 2M = 0 (about any given 
point) express the conditions for the equilibrium of a rigid body 
(Chap. 4); we should use them, therefore, in connection with the 
free-body diagrams of rigid bodies, namely, the free-body diagrams 
of members AC and CB (Fig. 6.21b). Since these members are multi- 
force members, and since pins are used at the supports and at the 
connection, the reactions at A and B and the forces at C will each be 
represented by two components. In accordance with Newton’s third 
law, the components of the force exerted by CB on AC and the com- 
ponents of the force exerted by AC on CB will be represented by 
vectors of the same magnitude and opposite sense; thus, if the first 
pair of components consists of C, and C,, the second pair will be 
represented by —C, and —C,. We note that four unknown force 
components act on free body AC, while only three independent equa- 
tions can be used to express that the body is in equilibrium; similarly, 
four unknowns, but only three equations, are associated with CB. 
However, only six different unknowns are involved in the analysis of 
the two members, and altogether six equations are available to express 
that the members are in equilibrium. Writing 2M, = 0 for free body 
AC and =Mz = 0 for CB, we obtain two simultaneous equations 
which may be solved for the common magnitude C, of the compo- 


nents C, and —C,, and for the common magnitude C, of the com- 


ponents C, and —C,. We then write =F, = 0 and =F, = 0 for each 
of the two free bodies, obtaining, successively, the magnitudes A,, A 
By, and By, 


yp 


(a) 
Fig. 6.21 (repeated) 


It can now be observed that since the equations of equilibrium 
=F, = 0, =F, = 0, and 2M = 0 (about any given point) are satisfied 
by the forces acting on free body AC, and since they are also satisfied 
by the forces acting on free body CB, they must be satisfied when the 
forces acting on the two free bodies are considered simultaneously. 
Since the internal forces at C cancel each other, we find that the equa- 
tions of equilibrium must be satisfied by the external forces shown on 
the free-body diagram of the frame ACB itself (Fig. 6.21c), although 
the frame is not a rigid body. These equations can be used to deter- 
mine some of the components of the reactions at A and B. We will 
also find, however, that the reactions cannot be completely determined 
from the free-body diagram of the whole frame. It is thus necessary to 


(a) 
Fig. 6.21 (repeated) 


dismember the frame and to consider the free-body diagrams of 
its component parts (Fig. 6.21b), even when we are interested in 
determining external reactions only. This is because the equilibrium 
equations obtained for free body ACB are necessary conditions for 
the equilibrium of a nonrigid structure, but are not sufficient 
conditions. 

The method of solution outlined in the second paragraph of 
this section involved simultaneous equations. A more efficient method 
is now presented, which utilizes the free body ACB as well as the 
free bodies AC and CB. Writing 2M, = 0 and 2Mz = 0 for free 
body ACB, we obtain B, and A,. Writing 2Mc = 0, =F, = 0, and 
=F, = 0 for free body AC, we obtain, successively, Ay, C,, and C,. 
Finally, writing =F, = 0 for ACB, we obtain B,. 

We noted above that the analysis of the frame of Fig. 6.21 
involves six unknown force components and six independent equilib- 
rium equations. (The equilibrium equations for the whole frame 
were obtained from the original six equations and, therefore, are not 
independent.) Moreover, we checked that all unknowns could be 
actually determined and that all equations could be satisfied. The 
frame considered is statically determinate and rigid.t In general, to 
determine whether a structure is statically determinate and rigid, we 
should draw a free-body diagram for each of its component parts and 
count the reactions and internal forces involved. We should also 
determine the number of independent equilibrium equations (exclud- 
ing equations expressing the equilibrium of the whole structure or 
of groups of component parts already analyzed). If there are more 
unknowns than equations, the structure is statically indeterminate. 
If there are fewer unknowns than equations, the structure is non- 
rigid. If there are as many unknowns as equations, and if all unknowns 
can be determined and all equations satisfied under general loading 
conditions, the structure is statically determinate and rigid. If, how- 
ever, due to an improper arrangement of members and supports, all 
unknowns cannot be determined and all equations cannot be satis- 
fied, the structure is statically indeterminate and nonrigid. 


+The word “rigid” is used here to indicate that the frame will maintain its shape as long 
as it remains attached to its supports. 


6.11 Frames Which Cease to Be Rigid When 
Detached from Their Supports 
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SAMPLE PROBLEM 6.4 


In the frame shown, members ACE and BCD are connected by a pin at C 
and by the link DE. For the loading shown, determine the force in link DE 
and the components of the force exerted at C on member BCD. 


SOLUTION 


Free Body: Entire Frame. Since the external reactions involve only three 
unknowns, we compute the reactions by considering the free-body diagram 
of the entire frame. 


+73F,=0; A,—480N=0 A,=+480N A, =480N7 
\=M, = 0: (480 N)(100 mm) + B(160 mm) = 0 
B = +300 N B = 300 N> 
+5F, = 0 B+A,=0 
300 N + A, = 0 A, = —300 N A, = 300 N— 
Members. We now dismember the frame. Since only two members are 


connected at C, the components of the unknown forces acting on ACE and 
BCD are, respectively, equal and opposite and are assumed directed as 
shown. We assume that link DE is in tension and exerts equal and opposite 
forces at D and E, directed as shown. 


Free Body: Member BCD. Using the free body BCD, we write 


H=IMc = 0: 
(Fpr sin a)(250 mm) + (300 N)(80 mm) + (480 N)(100 mm) = 0 
SYF.=0: OC, — Fog cos a + 300 N = 0 
CG, — (—561 N) cos 28.07° + 300 N=0 GC, = —795 N 
cme ae = 0: C, > For sin a = 480 N = 0 
Co =o Nein 28.07" = 450) N — 0 ee — 216 N 


From the signs obtained for C, and C, we conclude that the force compo- 
nents C, and C, exerted on member BCD are directed, respectively, to the 
left and up. We have 


CG, = 15 N—C,=216Nt < 


Free Body: Member ACE (Check). The computations are checked by 
considering the free body ACE. For example, 


+My, = (For cos a)(300 mm) + (Fppz sin a@)(100 mm) — C,(220 mm) 
= (—561 cos a)(300) + (—561 sin a)(100) — (—795)(220) = 


SAMPLE PROBLEM 6.5 


Determine the components of the forces acting on each member of the 
frame shown. 


SOLUTION 


Free Body: Entire Frame. Since the external reactions involve only three 
unknowns, we compute the reactions by considering the free-body diagram 
of the entire frame. 


tS=M, = 0: (2400 N)(3.6 m) + F(4.8 m) = 0 
F = +1800N F=1800N} <4 
+2F,=0: —2400N + 1800N + E, =0 
3.6 m—>| E, = +600 N E,=600Nt < 
A 59/9, = (0h E,=0 < 


Members. The frame is now dismembered; since only two members are 
connected at each joint, equal and opposite components are shown on each 
member at each joint. 


Free Body: Member BCD 


+hSM; = 0: (2400 N)(3.6 m) + C,(24m)=0 C,=+3600N 4 
re +\ZMc=0: —(2400N)(1.2m)+B,(24m) =0 B,=+1200N <4 
a : =SF.=0: —B,+C,=0 


We note that neither B, nor C, can be obtained by considering only member 
BCD. The positive values obtained for B, and C, indicate that the force 
components B, and C, are directed as assumed. 


12m 
2.4 m>| Free Body: Member ABE 
Y" ae a +52M,=0:  B,(2.7m) = 0 B.=0 < 
+>F, = 0: 3, =A. =) A,=0 <4 
: : +73F,=0:  —A, +B, + 600N=0 
-A, ar 1200 N + 600 N = 0 fy = +1800N <4 


Free Body: Member BCD. Returning now to member BCD, we write 
SSF,=0: —-B,+C,=0 0+C,=0 C.=04 


Free Body: Member ACF (Check). All unknown components have now 
been found; to check the results, we verify that member ACF is in 
equilibrium. 


+52Mc = (1800 N)(2.4 m) — A,(2.4 m) — A,(2.7 m) 
= (1800 N)(2.4 m) — (1800 N)(2.4 m) - 0 = 0 (checks) 
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600 Ib A SAMPLE PROBLEM 6.6 


A 600-Ib horizontal force is applied to pin A of the frame shown. Determine 


B the forces acting on the two vertical members of the frame. 
OBS tht 
D 
Oey ite 
SOLUTION 
ey ite ea 
ae Free Body: Entire Frame. The entire frame is chosen as a free body; 


although the reactions involve four unknowns, E, and F, may be deter- 
mined by writing 
+\DMz = 0: —(600 Ib)(10 ft) + F,(6 ft) = 0 

F, = +1000 Ib F, = 1000Ibt < 


: +3F,=0: E,+F,=0 . 
E, = —1000 lb E, = 1000lb) < 
©)B 


ll Members. The equations of equilibrium of the entire frame are not suffi- 
on 10 ft cient to determine E, and F,. The free-body diagrams of the various mem- 
bers must now be considered in order to proceed with the solution. In 
ce dismembering the frame we will assume that pin A is attached to the mul- 
tiforce member ACE and, thus, that the 600-lb force is applied to that 
Es IE Be ss member. We also note that AB and CD are two-force members. 
| Ey Fy Free Body: Member ACE 
I<——— 6 ft ——+| 
‘IF, = 0: 2Fan + 4Fcp — 1000 lb = 0 
\=M, = 0: (600 Ib)(10 ft) — (F3F4p)(10 ft) — G3Fep)(2.5 ft) = 0 
F 
“A Solving these equations simultaneously, we find 


Fas The signs obtained indicate that the sense assumed for F¢p was correct and 
the sense for F4, incorrect. Summing now x components, 
27, =O: 600 lb + 73(—1040 Ib) + 43(+1560 lb) + E, = 0 

E, = —1080 lb E, = 1080 Ibe <4 


Free Body: Entire Frame. Since E, has been determined, we can return 
to the free-body diagram of the entire frame and write 
SP = 0 600 Ib — 1080 Ib + F, = 0 

F, = +480 lb . = 480 lb> <4 


Free Body: Member BDF (Check). We can check our computations by 
verifying that the equation 2M, = 0 is satisfied by the forces acting on 
member BDF. 


+\2Mz = —(3Fop)(2.5 ft) + (F,)(7.5 ft) 
—13(1560 Ib)(2.5 ft) + (480 Ib)(7.5 ft) 
F = —3600 Ib - ft + 3600 Ib- ft =0 — (checks) 


F,, = 1000 lb 


SJE 


E, = 1000 Ib 
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SOLVING PROBLEMS 
YN TOUR OWN 


ik this lesson you learned to analyze frames containing one or more multiforce 
members. In the problems that follow you will be asked to determine the exter- 
nal reactions exerted on the frame and the internal forces that hold together the 
members of the frame. 


In solving problems involving frames containing one or more multiforce members, 
follow these steps: 


1. Draw a free-body diagram of the entire frame. Use this free-body diagram 
to calculate, to the extent possible, the reactions at the supports. (In Sample 
Prob. 6.6 only two of the four reaction components could be found from the free 
body of the entire frame.) 


2. Dismember the frame, and draw a free-body diagram of each member. 


3. Considering first the two-force members, apply equal and opposite forces to 
each two-force member at the points where it is connected to another member. 
If the two-force member is a straight member, these forces will be directed along 
the axis of the member. If you cannot tell at this point whether the member is in 
tension or compression, just assume that the member is in tension and direct both 
of the forces away from the member. Since these forces have the same unknown 
magnitude, give them both the same name and, to avoid any confusion later, do 
not use a plus sign or a minus sign. 


A. Next, consider the multiforce members. For each of these members, show 
all the forces acting on the member, including applied loads, reactions, and inter- 
nal forces at connections. The magnitude and direction of any reaction or reaction 
component found earlier from the free-body diagram of the entire frame should 
be clearly indicated. 

a. Where a multiforce member is connected to a two-force member, apply 
to the multiforce member a force equal and opposite to the force drawn on the 
free-body diagram of the two-force member, giving it the same name. 

b. Where a multiforce member is connected to another multiforce member, 
use horizontal and vertical components to represent the internal forces at that 
point, since neither the direction nor the magnitude of these forces is known. The 
direction you choose for each of the two force components exerted on the first 
multiforce member is arbitary, but you must apply equal and opposite force com- 
ponents of the same name to the other multiforce member. Again, do not use a 
plus sign or a minus sign. 


(continued) 
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5. The internal forces may now be determined, as well as any reactions that 
you have not already found. 

a. The free-body diagram of each of the multiforce members can provide 
you with three equilibrium equations. 

b. To simplify your solution, you should seek a way to write an equation 
involving a single unknown. If you can locate a point where all but one of the un- 
known force components intersect, you will obtain an equation in a single unknown 
by summing moments about that point. If all unknown forces except one are 
parallel, you will obtain an equation in a single unknown by summing force com- 
ponents in a direction perpendicular to the parallel forces. 

c. Since you arbitrarily chose the direction of each of the unknown forces, 
you cannot determine until the solution is completed whether your guess was cor- 
rect. To do that, consider the sign of the value found for each of the unknowns: 
a positive sign means that the direction you selected was correct; a negative sign 
means that the direction is opposite to the direction you assumed. 


6. To be more effective and efficient as you proceed through your solution, 
observe the following rules: 

a. If an equation involving only one unknown can be found, write that 
equation and solve it for that unknown. Immediately replace that unknown wher- 
ever it appears on other free-body diagrams by the value you have found. Repeat 
this process by seeking equilibrium equations involving only one unknown until 
you have found all of the internal forces and unknown reactions. 

b. If an equation involving only one unknown cannot be found, you may 
have to solve a pair of simultaneous equations. Before doing so, check that you 
have shown the values of all of the reactions that were obtained from the free-body 
diagram of the entire frame. 

c. The total number of equations of equilibrium for the entire frame and for 
the individual members will be larger than the number of unknown forces and 
reactions. After you have found all the reactions and all the internal forces, you 
can use the remaining equations to check the accuracy of your computations. 


6.75 


6.76 


6.77 


6.78 


6.79 


6.80 


6.81 


6.82 


PROBLEMS 


For the frame and loading shown, determine the force acting on 
member ABC (a) at B, (b) at C. 


e— 


a mm 


200 N 


- = “20 mm hss mm 
Fig. P6.75 


Determine the force in member BD and the components of the 
reaction at C, 


Rod CD is fitted with a collar at D that can be moved along rod 
AB, which is bent in the shape of an arc of circle. For the position 
when @ = 30°, determine (a) the force in rod CD, (b) the reaction 
at B. 


Solve Prob. 6.77 when 6 = 150°. 


Determine the components of all forces acting on member ABCD 
when 0 = 0. 


Fig. P6.79 and P6.80 


Determine the components of all forces acting on member ABCD 
when @ = 90°. 


For the frame and loading shown, determine the components of 
all forces acting on member ABC. 


Solve Prob. 6.81 assuming that the 18-kN load is replaced by a 
clockwise couple of magnitude 72 kN - m applied to member 
CDEF at point D. 


A 


| 400 N 


Fig. P6.76 


20 Ib 


Fig. P6.77 


J-s6 ml 


Fig. P6.81 
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326 Analysis of Structures 6.83 and 6.84 Determine the components of the reactions at A and 
E if a 750-N force directed vertically downward is applied (a) at B, 


240 mm 240 mm (b) at D. 


Fig. P6.84 and P6.86 


6.85 and 6.86 Determine the components of the reactions at A 
and E if the frame is loaded by a clockwise couple of magnitude 
36 N - m applied (a) at B, (b) at D. 


6.87 Determine the components of the reactions at A and B, (a) if the 
500-N load is applied as shown, (b) if the 500-N load is moved 
along its line of action and is applied at point F. 


6.88 The 48-lb load can be moved along the line of action shown and 
applied at A, D, or E. Determine the components of the reactions 
at B and F if the 48-Ib load is applied (a) at A, (b) at D, (c) at E. 


48 Ib 6.89 The 48-lb load is removed and a 288-Ib - in. clockwise couple is 
applied successively at A, D, and E. Determine the components of 
the reactions at B and F if the couple is applied (a) at A, (b) at D, 
(c) at E. 


6.90 (a) Show that when a frame supports a pulley at A, an equivalent 
loading of the frame and of each of its component parts can be 
obtained by removing the pulley and applying at A two forces 


equal and parallel to the forces that the cable exerted on the pul- 
. ley. (b) Show that if one end of the cable is attached to the frame 
Sin—<—8 in. at a point B, a force of magnitude equal to the tension in the cable 

Fig. P6.88 and P6.89 should also be applied at B. 


150 mm 


A A B A BUT A 
T 
180mm 120 mm = T + 5 T 
T a — 
Par T at 
7, 


Fig. P6.90 


300 N 6.91 Knowing that the pulley has a radius of 50 mm, determine the 


Fig. P6.91 components of the reactions at B and E. 


6.92 Knowing that each pulley has a radius of 250 mm, determine the 
components of the reactions at D and E. 


2m < 2m | 


Fig. P6.92 


6.93 Two 9-in.-diameter pipes (pipe 1 and pipe 2) are supported every 
7.5 ft by a small frame like that shown. Knowing that the com- 
bined weight of each pipe and its contents is 30 lb/ft and assuming 
frictionless surfaces, determine the components of the reactions at 
A and G. 


6.94 Solve Prob. 6.93 assuming that pipe 1 is removed and that only 
pipe 2 is supported by the frames. 


6.95 A trailer weighing 2400 lb is attached to a 2900-lb pickup truck by 
a ball-and-socket truck hitch at D. Determine (a) the reactions at 
each of the six wheels when the truck and trailer are at rest, (b) the 
additional load on each of the truck wheels due to the trailer. 


2400 Ib 
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24 in. 


Ix—— 15 = 


Fig. P6.93 


2900 Ib 


Fig. P6.95 


6.96 In order to obtain a better weight distribution over the four wheels 
of the pickup truck of Prob. 6.95, a compensating hitch of the type 
shown is used to attach the trailer to the truck. The hitch consists 
of two bar springs (only one is shown in the figure) that fit into 
bearings inside a support rigidly attached to the truck. The springs 
are also connected by chains to the trailer frame, and specially 
designed hooks make it possible to place both chains in tension. 
(a) Determine the tension T required in each of the two chains if 
the additional load due to the trailer is to be evenly distributed 
over the four wheels of the truck. (b) What are the resulting reac- 
tions at each of the six wheels of the trailer-truck combination? 


Chain under 
tension T a F 


Bar spring we Lee 17 ft = 


Fig. P6.96 


328 Analysis of Structures 6.97 The cab and motor units of the front-end loader shown are con- 
nected by a vertical pin located 2 m behind the cab wheels. The 
distance from C to D is 1 m. The center of gravity of the 300-kN 
motor unit is located at G,,, while the centers of gravity of the 
100-kKN cab and 75-kN load are located, respectively, at G, and 
G;. Knowing that the machine is at rest with its brakes released, 
determine (a) the reactions at each of the four wheels, (b) the 
forces exerted on the motor unit at C and D. 


100 kN 0.8m 


40 Ib B Fig. P6.97 
| Ain. 
Cami le = 


6.98 Solve Prob. 6.97 assuming that the 75-kN load has been removed. 


6.99 For the frame and loading shown, determine the components of 
the forces acting on member CFE at C and F. 


6.100 For the frame and loading shown, determine the components of 
the forces acting on member CDE at C and D. 


6.101 and 6.102 For the frame and loading shown, determine the 
components of all forces acting on member ABE. 


3.6 m——>| 
a m 


Fig. P6.100 


ae 
15m 
iy. 
|-o9 m>-« 0.9 eoalasl |. 


Fig. P6.101 Fig. P6.102 


2.7m|° 


48m > 


6.103 Knowing that P = 15 lb and Q = 65 |b, determine the components Problems 399 
of the forces exerted (a2) on member BCDF at C and D, (b) on 
member ACEG at E. 


6.104 Knowing that P = 25 Ib and Q = 55 |b, determine the components 
of the forces exerted (a2) on member BCDF at C and D, (b) on 
member ACEG at E. 


6.105 For the frame and loading shown, determine the components of 
the forces acting on member DABC at B and D. 


6.106 Solve Prob. 6.105 assuming that the 6-kN load has been removed. 


6.107 The axis of the three-hinge arch ABC is a parabola with vertex at |. in. 1Oiasle— Ts a: _,| 
B. Knowing that P = 112 kN and Q = 140 kN, determine (a) the 
components of the reaction at A, (b) the components of the force 
exerted at B on segment AB. 


Fig. P6.103 and P6.104 


A B C 
> @ 
| 12 kN 
0.5m 
D E F 
\@) @ — 
6kN 
0.5m 
pe @)|G HE 
; = —— I. -|. | 
Fig. P6.107 and P6.108 06m o5,, 0.4m 


Fig. P6.105 


6.108 The axis of the three-hinge arch ABC is a parabola with vertex at 
B. Knowing that P = 140 kN and Q = 112 kN, determine (a) the 
components of the reaction at A, (b) the components of the force 
exerted at B on segment AB. 


6.109 Knowing that the surfaces at A and D are frictionless, determine 
the forces exerted at B and C on member BCE. 


— 20 in. 
100 Ib A 


50 Ib z 
|~——— 12 in. I< 6 in.>}< 6 in. 
E 15 in. 
in. 4 v | 
i ry 


Fig. P6.109 


6.110 For the frame and loading shown, determine (a) the reaction at C, 
(b) the force in member AD. Fig. P6.110 


330 Analysis of Structures 6.111, 6.112, and 6.113 Members ABC and CDE are pin-connected 
at C and supported by four links. For the loading shown, deter- 
mine the force in each link. 


Fig. P6.111 Fig. P6.112 Fig. P6.113 


6.114 Members ABC and CDE are pin-connected at C and supported 
by the four links AF, BG, DG, and EH. For the loading shown, 
determine the force in each link. 


6.115 Solve Prob. 6.113 assuming that the force P is replaced by a 
clockwise couple of moment Mp applied to member CDE at D. 


6.116 Solve Prob. 6.114 assuming that the force P is replaced by a 
clockwise couple of moment Mp applied to member CDE at D. 


6.117 Four beams, each of length 3a, are held together by single nails at 
A, B, C, and D. Each beam is attached to a support located at a 
distance a from an end of the beam as shown. Assuming that only 
vertical forces are exerted at the connections, determine the verti- 
cal reactions at E, F, G, and H. 


Fig. P6.114 


Fig. P6.117 


6.118 Four beams, each of length 2a, are nailed together at their mid- 
points to form the support system shown. Assuming that only verti- 
cal forces are exerted at the connections, determine the vertical 
reactions at A, D, E, and H. 


Fig. P6.118 


6.119 through 6.121 Each of the frames shown consists of two 6.12 Machines 33] 
L-shaped members connected by two rigid links. For each frame, 
determine the reactions at the supports and indicate whether the 
frame is rigid. 


P 
A 
B 
Ix— 2a L. iI 2a 
(a) 
Fig. P6.119 
P 
A 
|. 2a L. | 2a 
(a) 
Fig. P6.120 
lig 


ela 


(a) 


Fig. P6.121 


6.12 MACHINES 


Machines are structures designed to transmit and modify forces. 
Whether they are simple tools or include complicated mechanisms, 
their main purpose is to transform input forces into output forces. 
Consider, for example, a pair of cutting pliers used to cut a wire 
(Fig. 6.22a). If we apply two equal and opposite forces P and —P on 
their handles, they will exert two equal and opposite forces Q and 
—Q on the wire (Fig. 6.22b). 


332 Analysis of Structures 


Photo 6.5 The lamp shown can be placed 
in many positions. By considering various free 
bodies, the force in the springs and the internal 
forces at the joints can be determined. 


Fig. 6.22 


To determine the magnitude Q of the output forces when the 
magnitude P of the input forces is known (or, conversely, to deter- 
mine P when Q is known), we draw a free-body diagram of the pliers 
alone, showing the input forces P and —P and the reactions —Q and 
Q that the wire exerts on the pliers (Fig. 6.23). However, since a 
pair of pliers forms a nonrigid structure, we must use one of the 
component parts as a free body in order to determine the unknown 
forces. Considering Fig. 6.24a, for example, and taking moments 
about A, we obtain the relation Pa = Qb, which defines the magni- 
tude Q in terms of P or P in terms of Q. The same free-body diagram 
can be used to determine the components of the internal force at A; 
we find A, = 0 and A, = P + Q. 


Fig. 6.24 


In the case of more complicated machines, it generally will be 
necessary to use several free-body diagrams and, possibly, to solve 
simultaneous equations involving various internal forces. The free 
bodies should be chosen to include the input forces and the reactions 
to the output forces, and the total number of unknown force compo- 
nents involved should not exceed the number of available independent 
equations. It is advisable, before attempting to solve a problem, to 
determine whether the structure considered is determinate. There is 
no point, however, in discussing the rigidity of a machine, since a 
machine includes moving parts and thus must be nonrigid. 


SAMPLE PROBLEM 6.7 


A hydraulic-lift table is used to raise a 1000-kg crate. It con- 
sists of a platform and two identical linkages on which hydrau- 
lic cylinders exert equal forces. (Only one linkage and one 
cylinder are shown.) Members EDB and CG are each of length 
2a, and member AD is pinned to the midpoint of EDB. If the 
crate is placed on the table, so that half of its weight is sup- 
ported by the system shown, determine the force exerted by 
each cylinder in raising the crate for 0 = 60°, a = 0.70 m, and 
L = 3.20 m. Show that the result obtained is independent of 
the distance d. 


SOLUTION 


The machine considered consists of the platform and of the link- 
age. Its free-body diagram includes an input force Fp, exerted 
by the cylinder, the weight 5W, equal and opposite to the output 
force, and reactions at E and G that we assume to be directed 
as shown. Since more than three unknowns are involved, this 
diagram will not be used. The mechanism is dismembered and 
a free-body diagram is drawn for each of its component parts. 
We note that AD, BC, and CG are two-force members. We 
already assumed member CG to be in compression; we now 
assume that AD and BC are in tension and direct as shown the 
forces exerted on them. Equal and opposite vectors will be used 
to represent the forces exerted by the two-force members on the 
platform, on member BDE, and on roller C. 


ia 
ine —— 


A 
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B C 
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we B c Free Body: Platform ABC. 


SF, = 0: Fyp cos 0 = 0 Fup = 0 
+f2F,=0: B+C-;W=0 B+C=2W (1) 


Free Body: Roller C. We draw a force triangle and obtain Fgc = C cot 6. 


Free Body: Member BDE. Recalling that Fyn = 0, 


+5=Mz = 0: Fpy cos (b — 90°)a — B(2a cos 8) — Fpgc(2a sin 6) = 0 
Fpya sin @ — B(2a cos 0) — (C cot 8)(2a sin 8) = 0 
Fp sin @ — 2(B + C) cos 6 = 0 


Recalling Eq. (1), we have 


cos 6 
Fon = (2) 
ae sin 
and we observe that the result obtained is independent of d. < 


Applying first the law of sines to triangle EDH, we write 


sin in 0 TERE 
a = a sind = pH 0 (3) 
hp Using now the law of cosines, we have 


a ¢ (DH) = a? + L? — 2aL cos 6 
& a H = (0.70)? + (3.20)? — 2(0.70)(3.20) cos 60° 


. (DH) = 849 DH =291m 


We also note that 
W = mg = (1000 kg)(9.81 m/s’) = 9810 N = 9.81 kN 


Substituting for sin @ from (3) into (2) and using the numerical data, we 
write 


91m “ei? 
20 m a 


Fou = 15 IU) kN 4 


By = a = ee 
ar ieee 3. 
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SOLVING PROBLEMS 
JN TOUR OWN 


fl Nes lesson was devoted to the analysis of machines. Since machines are designed 
to transmit or modify forces, they always contain moving parts. However, the 
machines considered here will always be at rest, and you will be working with the 
set of forces required to maintain the equilibrium of the machine. 


Known forces that act on a machine are called input forces. A machine transforms 
the input forces into output forces, such as the cutting forces applied by the pliers 
of Fig. 6.22. You will determine the output forces by finding the forces equal and 
opposite to the output forces that should be applied to the machine to maintain 
its equilibrium. 


In the preceding lesson you analyzed frames; you will now use almost the same 
procedure to analyze machines: 


1. Draw a free-body diagram of the whole machine, and use it to determine 
as many as possible of the unknown forces exerted on the machine. 


2. Dismember the machine, and draw a free-body diagram of each member. 


3. Considering first the two-force members, apply equal and opposite forces to 
each two-force member at the points where it is connected to another member. 
If you cannot tell at this point whether the member is in tension or in compression 
just assume that the member is in tension and direct both of the forces away from 
the member. Since these forces have the same unknown magnitude, give them both 
the same name. 


A. Next consider the multiforce members. For each of these members, show all 
the forces acting on the member, including applied loads and forces, reactions, 
and internal forces at connections. 

a. Where a multiforce member is connected to a two-force member, apply 
to the multiforce member a force equal and opposite to the force drawn on the 
free-body diagram of the two-force member, giving it the same name. 

b. Where a multiforce member is connected to another multiforce member, 
use horizontal and vertical components to represent the internal forces at that 
point. The directions you choose for each of the two force components exerted on 
the first multiforce member are arbitrary, but you must apply equal and opposite 
force components of the same name to the other multiforce member. 


5. Equilibrium equations can be written after you have completed the various 
free-body diagrams. 

a. To simplify your solution, you should, whenever possible, write and solve 
equilibrium equations involving single unknowns. 

b. Since you arbitrarily chose the direction of each of the unknown forces, you 
must determine at the end of the solution whether your guess was correct. To that 
effect, consider the sign of the value found for each of the unknowns. A positive sign 
indicates that your guess was correct, and a negative sign indicates that it was not. 


6. Finally, you should check your solution by substituting the results obtained 
into an equilibrium equation that you have not previously used. 


335 


336 


PROBLEMS 


6.122 An 84-lb force is applied to the toggle vise at C. Knowing that 
@ = 90°, determine (a) the vertical force exerted on the block at D, 
(b) the force exerted on member ABC at B. 


6.123 Solve Prob. 6.122 when @ = 0. 


6.124 The control rod CE passes through a horizontal hole in the body 
of the toggle system shown. Knowing that link BD is 250 mm long, 
determine the force Q required to hold the system in equilibrium 
when B = 20°. 


Fig. P6.122 


Fig. P6.124 
6.125 Solve Prob. 6.124 when (a) B = 0, (b) B = 6°. 
6.126 The press shown is used to emboss a small seal at E. Knowing that 


= 250 N, determine (a) the vertical component of the force 
exerted on the seal, (b) the reaction at A. 


Fig. P6.126 and P6.127 


6.127 The press shown is used to emboss a small seal at E. Knowing that 
the vertical component of the force exerted on the seal must be 
900 N, determine (a) the required vertical force P, (b) the corre- 
sponding reaction at A. 


6.128 Water pressure in the supply system exerts a downward force of 
135 N on the vertical plug at A. Determine the tension in the 
Fig. P6.128 fusible link DE and the force exerted on member BCE at B. 


6.129 A couple M of magnitude 1.5 kN - m is applied to the crank of Problems 337 
the engine system shown. For each of the two positions shown, 
determine the force P required to hold the system in 
equilibrium. 


75 mm 100 mm 


(a) (b) 
Fig. P6.129 and P6.130 


6.130 A force P of magnitude 16 kN is applied to the piston of the engine 
system shown. For each of the two positions shown, determine the 
couple M required to hold the system in equilibrium. 


6.131 The pin at B is attached to member ABC and can slide freely along 
the slot cut in the fixed plate. Neglecting the effect of friction, 
determine the couple M required to hold the system in equilib- 
rium when @ = 30°. 


6.132 The pin at B is attached to member ABC and can slide freely along 
the slot cut in the fixed plate. Neglecting the effect of friction, 
determine the couple M required to hold the system in equilib- 
rium when 6 = 60°. 


6.133 Arm ABC is connected by pins to a collar at B and to crank CD 
at C. Neglecting the effect of friction, determine the couple M 
required to hold the system in equilibrium when @ = 0. Fig. P6.131 and P6.132 


160 mm 90 mm 


ie 


320 mm 


it a 


Cc 
K— 300 mm —> 


Fig. P6.133 and P6.134 


6.134 Arm ABC is connected by pins to a collar at B and to crank CD 
at C. Neglecting the effect of friction, determine the couple M 
required to hold the system in equilibrium when @ = 90°. 
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< X . 250 Ib-in. 
in. f ~S = 


80 mm 100 mm 


Fig. P6.138 


6.135 and 6.136 Two rods are connected by a slider block as shown. 
Neglecting the effect of friction, determine the couple M, required 
to hold the system in equilibrium. 


< 250 Ib-in, 
15 in. SS 


Fig. P6.136 


6.137 and 6.138 Rod CD is attached to the collar D and passes 
through a collar welded to end B of lever AB. Neglecting the effect 
of friction, determine the couple M required to hold the system 
in equilibrium when @ = 30°. 


Fig. P6.137 


6.139 Two hydraulic cylinders control the position of the robotic arm 
ABC. Knowing that in the position shown the cylinders are parallel, 
determine the force exerted by each cylinder when P = 160 N and 
Q = 80N. 


Fig. P6.139 and P6.140 


6.140 Two hydraulic cylinders control the position of the robotic arm 
ABC. In the position shown, the cylinders are parallel and both 
are in tension. Knowing that Fyz = 600 N and Fpg = 50 N, 
determine the forces P and Q applied at C to arm ABC. 


6.141 A log weighing 800 lb is lifted by a pair of tongs as shown. Deter- 
mine the forces exerted at E and F on tong DEF. 


6.142 A 39-ft length of railroad rail of weight 44 lb/ft is lifted by the tongs 
shown. Determine the forces exerted at D and F on tong BDF. 


| 9.6 in. >-9.6 in.>| 


12 in. 


Fig. P6.142 


6.143 The tongs shown are used to apply a total upward force of 45 kN 
on a pipe cap. Determine the forces exerted at D and F on 
tong ADF. 


90 mm 


Fig. P6.143 


6.144 If the toggle shown is added to the tongs of Prob. 6.143 and a 
single vertical force is applied at G, determine the forces exerted 
at D and F on tong ADF. 


Fig. P6.141 


45 kN 


55mm | 55mm 


Fig. P6.144 
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50 Ib 0.75in. @ 


50 Ib a 
Fig. P6.147 


10 in. ~|< 10 in. | 


50 Ib 
Fig. P6.149 and P6.150 


6.145 The pliers shown are used to grip a 0.3-in.-diameter rod. Knowing 
that two 60-Ib forces are applied to the handles, determine (a) the 
magnitude of the forces exerted on the rod, (b) the force exerted 
by the pin at A on portion AB of the pliers. 


1.2in. 60 Ib 


60 lb 


Fig. P6.145 


6.146 In using the bolt cutter shown, a worker applies two 300-N forces 
to the handles. Determine the magnitude of the forces exerted by 
the cutter on the bolt. 

300 N 


12mm 


460 mm 


Fig. P6.146 


6.147 Determine the magnitude of the gripping forces exerted along line 
aa on the nut when two 50-lb forces are applied to the handles as 
shown. Assume that pins A and D slide freely in slots cut in the 
jaws. 


6.148 Determine the magnitude of the gripping forces produced when 
two 300-N forces are applied as shown. 


300 N 
r 120 mm 


Fig. P6.148 


6.149 Knowing that the frame shown has a sag at B of a = 1 in., deter- 
mine the force P required to maintain equilibrium in the position 
shown. 


6.150 Knowing that the frame shown has a sag at B of a = 0.5 in., 
determine the force P required to maintain equilibrium in the 
position shown. 


6.151 


6.152 


6.153 


6.154 


The garden shears shown consist of two blades and two handles. 
The two handles are connected by pin C and the two blades are 
connected by pin D. The left blade and the right handle are con- 
nected by pin A; the right blade and the left handle are connected 
by pin B. Determine the magnitude of the forces exerted on the 
small branch at E when two 80-N forces are applied to the handles 
as shown. 


Fig. P6.151 


The telescoping arm ABC is used to provide an elevated platform 
for construction workers. The workers and the platform together 
have a mass of 200 kg and have a combined center of gravity 
located directly above C. For the position when 6 = 20°, deter- 
mine (a) the force exerted at B by the single hydraulic cylinder BD, 
(b) the force exerted on the supporting carriage at A. 


The telescoping arm ABC can be lowered until end C is close to 
the ground, so that workers can easily board the platform. For the 
position when 6 = —20°, determine (a) the force exerted at B by 
the single hydraulic cylinder BD, (b) the force exerted on the sup- 
porting carriage at A. 


The position of member ABC is controlled by the hydraulic cylinder 
CD. Knowing that @ = 30°, determine for the loading shown 
(a) the force exerted by the hydraulic cylinder on pin C, (b) the 


reaction at B. 


0.8m 


0.5 m 
A 


Fig. P6.154 


Fig. P6.152 and P6.153 


0.5m 
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342 Analysis of Structures 6.155 The motion of the bucket of the front-end loader shown is con- 
trolled by two arms and a linkage that are pin-connected at D. The 
arms are located symmetrically with respect to the central, verti- 
cal, and longitudinal plane of the loader; one arm AF] and its 
control cylinder EF are shown. The single linkage GHDB and its 
control cylinder BC are located in the plane of symmetry. For the 
position and loading shown, determine the force exerted (a) by 
cylinder BC, (b) by cylinder EF. 


20in. 28 in. 


|< >| 


Fig. P6.155 


6.156 The bucket of the front-end loader shown carries a 3200-Ib load. 
The motion of the bucket is controlled by two identical mecha- 
nisms, only one of which is shown. Knowing that the mechanism 
shown supports one-half of the 3200-Ib load, determine the force 
exerted (a) by cylinder CD, (b) by cylinder FH. 


Dimensions in inches 


Fig. P6.156 


6.157 The motion of the backhoe bucket shown is controlled by the 
hydraulic cylinders AD, CG, and EF. As a result of an attempt to 
dislodge a portion of a slab, a 2-kip force P is exerted on the bucket 
teeth at J. Knowing that 6 = 45°, determine the force exerted by 
each cylinder. 


15 in. 
20 in. 10 in. i 10 in. 


|<—>| 


Fig. P6.157 


6.158 Solve Prob. 6.157 assuming that the 2-kip force P acts horizontally 
to the right (0 = 0). 


6.159 The gears D and G are rigidly attached to shafts that are held by 
frictionless bearings. If rp = 90 mm and re = 30 mm, determine 
(a) the couple My that must be applied for equilibrium, (b) the 
reactions at A and B. 


ime 


120 mm 


Fig. P6.159 
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Fig. P6.160 


Fig. P6.163 


6.160 


*6.161 


In the planetary gear system shown, the radius of the central gear 
A is a = 18 mm, the radius of each planetary gear is b, and the 
radius of the outer gear E is (a + 2b). A clockwise couple of mag- 
nitude M, = 10 N - m is applied to the central gear A and a 
counterclockwise couple of magnitude Ms = 50 N - m is applied 
to the spider BCD. If the system is to be in equilibrium, determine 
(a) the required radius b of the planetary gears, (b) the magnitude 
Mg of the couple that must be applied to the outer gear E. 


Two shafts AC and CF, which lie in the vertical xy plane, are con- 
nected by a universal joint at C. The bearings at B and D do not 
exert any axial force. A couple of magnitude 500 lb - in. (clockwise 
when viewed from the positive x axis) is applied to shaft CF at F. 
At a time when the arm of the crosspiece attached to shaft CF is 
horizontal, determine (a) the magnitude of the couple that must 
be applied to shaft AC at A to maintain equilibrium, (b) the reac- 
tions at B, D, and E. (Hint: The sum of the couples exerted on the 
crosspiece must be zero.) 


Fig. P6.161 


*6.162 


*6.163 


Solve Prob. 6.161 assuming that the arm of the crosspiece attached 
to shaft CF is vertical. 


The large mechanical tongs shown are used to grab and lift a thick 
7500-kg steel slab HJ. Knowing that slipping does not occur 
between the tong grips and the slab at H and J, determine the 
components of all forces acting on member EFH. (Hint: Consider 
the symmetry of the tongs to establish relationships between the 
components of the force acting at E on EFH and the components 
of the force acting at D on CDF‘) 


REVIEW AND SUMMARY 


In this chapter you learned to determine the internal forces holding 
together the various parts of a structure. 


The first half of the chapter was devoted to the analysis of trusses, Analysis of trusses 
i.e., to the analysis of structures consisting of straight members con- 

nected at their extremities only. The members being slender and 

unable to support lateral loads, all the loads must be applied at the 

joints; a truss may thus be assumed to consist of pins and two-force 

members [Sec. 6.2]. 


A truss is said to be rigid if it is designed in such a way that it will Simple trusses 
not greatly deform or collapse under a small load. A triangular truss 

consisting of three members connected at three joints is clearly a 

rigid truss (Fig. 6.25a) and so will be the truss obtained by adding 

two new members to the first one and connecting them at a new 

joint (Fig. 6.25b). Trusses obtained by repeating this procedure are 

called simple trusses. We may check that in a simple truss the total 

number of members is m = 2n — 3, where n is the total number of 

joints [Sec. 6.3]. 


(a) (b) 
Fig. 6.25 


The forces in the various members of a simple truss can be deter- Method of joints 
mined by the method of joints [Sec. 6.4]. First, the reactions at the 
supports can be obtained by considering the entire truss as a free 
body. The free-body diagram of each pin is then drawn, showing the 
forces exerted on the pin by the members or supports it connects. 
Since the members are straight two-force members, the force exerted 
by a member on the pin is directed along that member, and only the 
magnitude of the force is unknown. It is always possible in the case 
of a simple truss to draw the free-body diagrams of the pins in such 
an order that only two unknown forces are included in each dia- 
gram. These forces can be obtained from the corresponding two 
equilibrium equations or—if only three forces are involved—from 
the corresponding force triangle. If the force exerted by a member 
on a pin is directed toward that pin, the member is in compression; 


345 


346 Analysis of Structures 


Method of sections 


Compound trusses 


if it is directed away from the pin, the member is in tension [Sam- 
ple Prob. 6.1]. The analysis of a truss is sometimes expedited by 
first recognizing joints under special loading conditions [Sec. 6.5]. 
The method of joints can also be extended to the analysis of three- 
dimensional or space trusses [Sec. 6.6]. 


The method of sections is usually preferred to the method of joints 
when the force in only one member—or very few members—of a 
truss is desired [Sec. 6.7]. To determine the force in member BD of 
the truss of Fig. 6.26a, for example, we pass a section through mem- 
bers BD, BE, and CE, remove these members, and use the portion 
ABC of the truss as a free body (Fig. 6.26b). Writing 2M; = 0, we 
determine the magnitude of the force Fgp, which represents the 
force in member BD. A positive sign indicates that the member is 
in tension; a negative sign indicates that it is in compression [Sample 
Probs. 6.2 and 6.3]. 


Fig. 6.26 


The method of sections is particularly useful in the analysis of com- 
pound trusses, i.e., trusses which cannot be constructed from the 
basic triangular truss of Fig. 6.25a but which can be obtained by 
rigidly connecting several simple trusses [Sec. 6.8]. If the component 
trusses have been properly connected (e.g., one pin and one link, or 
three nonconcurrent and nonparallel links) and if the resulting struc- 
ture is properly supported (e.g., one pin and one roller), the 
compound truss is statically determinate, rigid, and completely con- 
strained. The following necessary—but not sufficient—condition is 
then satisfied: m + r = 2n, where m is the number of members, r is 
the number of unknowns representing the reactions at the supports, 
and n is the number of joints. 


The second part of the chapter was devoted to the analysis of frames 
and machines. Frames and machines are structures which contain 
multiforce members, i.e., members acted upon by three or more 
forces. Frames are designed to support loads and are usually station- 
ary, fully constrained structures. Machines are designed to transmit 
or modify forces and always contain moving parts [Sec. 6.9]. 


To analyze a frame, we first consider the entire frame as a free body 
and write three equilibrium equations [Sec. 6.10]. If the frame 
remains rigid when detached from its supports, the reactions involve 
only three unknowns and may be determined from these equations 
[Sample Probs. 6.4 and 6.5]. On the other hand, if the frame ceases 
to be rigid when detached from its supports, the reactions involve 
more than three unknowns and cannot be completely determined 
from the equilibrium equations of the frame [Sec. 6.11; Sample 
Prob. 6.6]. 


We then dismember the frame and identify the various members as 
either two-force members or multiforce members; pins are assumed 
to form an integral part of one of the members they connect. We 
draw the free-body diagram of each of the multiforce members, 
noting that when two multiforce members are connected to the 
same two-force member, they are acted upon by that member with 
equal and opposite forces of unknown magnitude but known direc- 
tion. When two multiforce members are connected by a pin, they 
exert on each other equal and opposite forces of unknown direction, 
which should be represented by two unknown components. The 
equilibrium equations obtained from the free-body diagrams of the 
multiforce members can then be solved for the various internal 
forces [Sample Probs. 6.4 and 6.5]. The equilibrium equations can 
also be used to complete the determination of the reactions at the 
supports [Sample Prob. 6.6]. Actually, if the frame is statically deter- 
minate and rigid, the free-body diagrams of the multiforce members 
could provide as many equations as there are unknown forces 
(including the reactions) [Sec. 6.11]. However, as suggested above, 
it is advisable to first consider the free-body diagram of the entire 
frame to minimize the number of equations that must be solved 
simultaneously. 


To analyze a machine, we dismember it and, following the same 
procedure as for a frame, draw the free-body diagram of each of the 
multiforce members. The corresponding equilibrium equations yield 
the output forces exerted by the machine in terms of the input forces 
applied to it, as well as the internal forces at the various connections 
[Sec. 6.12; Sample Prob. 6.7]. 
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REVIEW PROBLEMS 


600 lb 6.164 Using the method of joints, determine the force in each member 
of the truss shown. State whether each member is in tension or 
A compression. 


300 Ib BS 300 Ib j 
“s NS 


6.165 Using the method of joints, determine the force in each member 
of the double-pitch roof truss shown. State whether each member 
is in tension or compression. 


6.166 The truss shown was designed to support the roof of a food mar- 
ket. For the given loading, determine the force in members FG, 
EG, and EH. 


k 1kN 


1.04 kN : 1.04 kN 


1.24 kN 


1.2kN 
N 


I 
SS 


Fig. P6.166 and P6.167 


6.167 The truss shown was designed to support the roof of a food mar- 
ket. For the given loading, determine the force in members KM, 
LM, and LN. 


6.168 For the frame and loading shown, determine the components of 
all forces acting on member ABC. 


6.169 Solve Prob. 6.168 assuming that the 20-kip load is replaced by a 
clockwise couple of magnitude 100 kip - ft applied to member 
EDC at point D. 


6.170 Knowing that the pulley has a radius of 0.5 m, determine the 
components of the reactions at A and E. 


Fig. P6.168 


1 
[ ay 3m 3m 
C 


700 N 
Fig. P6.170 
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6.171 


For the frame and loading shown, determine the reactions at A, B, 
D, and E. Assume that the surface at each support is frictionless. 


6.172 For the system and loading shown, determine (a) the force P 


6.173 


6.174 


6.175 


required for equilibrium, (b) the corresponding force in member 
BD, (c) the corresponding reaction at C. 


50 N 
Fig. P6.172 


A small barrel weighing 60 lb is lifted by a pair of tongs as shown. 
Knowing that a = 5 in., determine the forces exerted at B and D 
on tong ABD. 


A 20-kg shelf is held horizontally by a self-locking brace that con- 
sists of two parts EDC and CDB hinged at C and bearing against 
each other at D. Determine the force P required to release the 
brace. 


Fig. P6.174 


The specialized plumbing wrench shown is used in confined areas 
(e.g., under a basin or sink). It consists essentially of a jaw BC 
pinned at B to a long rod. Knowing that the forces exerted on the 
nut are equivalent to a clockwise (when viewed from above) couple 
of magnitude 135 lb - in., determine (a) the magnitude of the force 
exerted by pin B on jaw BC, (b) the couple My that is applied to 
the wrench. 


Fig. P6.171 
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1000 Ib 


I~ 


Fig. P6.173 


Fig. P6.175 


18 in. 
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COMPUTER PROBLEMS 


ie} 
G 
10 kips W10 kips W10 kips 


oo] 


“0h 


Fig. P6.C1 


10h 


ore 


“Tor 


6.C1_ A Pratt steel truss is to be designed to support three 10-kip loads as 
shown. The length of the truss is to be 40 ft. The height of the truss and 
thus the angle 6, as well as the cross-sectional areas of the various members, 
are to be selected to obtain the most economical design. Specifically, the 
cross-sectional area of each member is to be chosen so that the stress (force 
divided by area) in that member is equal to 20 kips/in’, the allowable stress 
for the steel used; the total weight of the steel, and thus its cost, must be 
as small as possible. (2) Knowing that the specific weight of the steel used 
is 0.284 Ib/in?, write a computer program that can be used to calculate the 
weight of the truss and the cross-sectional area of each load-bearing member 
located to the left of DE for values of @ from 20° to 80° using 5° increments. 
(b) Using appropriate smaller increments, determine the optimum value of 
@ and the corresponding values of the weight of the truss and of the cross- 
sectional areas of the various members. Ignore the weight of any zero-force 
member in your computations. 


6.€2 The floor of a bridge will rest on stringers that will be simply sup- 
ported by transverse floor beams, as in Fig. 6.3. The ends of the beams will 
be connected to the upper joints of two trusses, one of which is shown in 
Fig. P6.C2. As part of the design of the bridge, it is desired to simulate the 
effect on this truss of driving a 12-kN truck over the bridge. Knowing that 
the distance between the truck’s axles is b = 2.25 m and assuming that the 
weight of the truck is equally distributed over its four wheels, write a com- 
puter program that can be used to calculate the forces created by the truck 
in members BH and GH for values of x from 0 to 17.25 m using 0.75-m 
increments. From the results obtained, determine (a) the maximum tensile 
force in BH, (b) the maximum compressive force in BH, (c) the maximum 
tensile force in GH. Indicate in each case the corresponding value of x. 
(Note: The increments have been selected so that the desired values are 
among those that will be tabulated.) 


-—— | (7 " 
—— 


Pat ‘a m | 
Fig. P6.C2 


6.C3 In the mechanism shown the position of boom AC is controlled by 
arm BD. For the loading shown, write a computer program and use it to 
determine the couple M required to hold the system in equilibrium for 
values of @ from —30° to 90° using 10° increments. Also, for the same values 
of 6, determine the reaction at A. As a part of the design process of the 
mechanism, use appropriate smaller increments and determine (a) the value 
of @ for which M is maximum and the corresponding value of M, 
(b) the value of @ for which the reaction at A is maximum and the corre- 
sponding magnitude of this reaction. 


6.C4 The design of a robotic system calls for the two-rod mechanism 
shown. Rods AC and BD are connected by a slider block D as shown. 
Neglecting the effect of friction, write a computer program and use it to 
determine the couple M, required to hold the rods in equilibrium for values 
of @ from 0 to 120° using 10° increments. For the same values of 6, deter- 
mine the magnitude of the force F exerted by rod AC on the slider block. 


6.€5 The compound-lever pruning shears shown can be adjusted by placing 
pin A at various ratchet positions on blade ACE. Knowing that the length 
AB is 0.85 in., write a computer program and use it to determine the mag- 
nitude of the vertical forces applied to the small branch for values of d from 
0.4 in. to 0.6 in. using 0.025 in. increments. As a part of the design of the 
shears, use appropriate smaller increments and determine the smallest allow- 
able value of d if the force in link AB is not to exceed 500 lb. 


30 Ib 0.75 in. 
Fig. P6.C5 


6.C6 Rod CD is attached to collar D and passes through a collar welded 
to end B of lever AB. As an initial step in the design of lever AB, write a 
computer program and use it to calculate the magnitude M of the couple 
required to hold the system in equilibrium for values of 6 from 15° to 90° 
using 5° increments. Using appropriate smaller increments, determine the 
value of @ for which M is minimum and the corresponding value of M. 


Computer Problems 


le 150 mm —~> 


Fig. P6.C4 


100 mm 


Fig. P6.C6 
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The George Washington Bridge 
connects Manhattan, New York, and 
Fort Lee, New Jersey. This suspension 
bridge carries traffic on two levels over 
roadways that are supported by a 
system of beams. Trusses are used both 
to connect these roadways to complete 
the overall bridge span as well as to 
form the towers. The bridge span itself 


is supported by the cable system. 
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Chapter 7 Forces in Beams 


and Cables 

7.1 — Introduction 

7.2 Internal Forces in Members 

7.3. Various Types of Loading 
and Support 

7.4 Shear and Bending Moment 
in a Beam 

7.5 Shear and Bending-Moment 
Diagrams 

7.6 Relations among Load, Shear, 
and Bending Moment 

7.7. Cables with Concentrated Loads 

7.8 Cables with Distributed Loads 

7.9 Parabolic Cable 


7.10 Catenary 


*7.1_ INTRODUCTION 


In preceding chapters, two basic problems involving structures were 
considered: (1) determining the external forces acting on a structure 
(Chap. 4) and (2) determining the forces which hold together the 
various members forming a structure (Chap. 6). The problem of 
determining the internal forces which hold together the various parts 
of a given member will now be considered. 

We will first analyze the internal forces in the members of a 
frame, such as the crane considered in Secs. 6.1 and 6.10, noting 
that whereas the internal forces in a straight two-force member can 
produce only tension or compression in that member, the internal 
forces in any other type of member usually produce shear and bend- 
ing as well. 

Most of this chapter will be devoted to the analysis of the 
internal forces in two important types of engineering structures, 
namely, 


1. Beams, which are usually long, straight prismatic members 
designed to support loads applied at various points along the 
member. 

2. Cables, which are flexible members capable of withstanding 
only tension, designed to support either concentrated or dis- 
tributed loads. Cables are used in many engineering applica- 
tions, such as suspension bridges and transmission lines. 


*7.2_ INTERNAL FORCES IN MEMBERS 


Let us first consider a straight two-force member AB (Fig. 7.1a). 
From Sec. 4.6, we know that the forces F and —F acting at A and B, 
respectively, must be directed along AB in opposite sense and have 
the same magnitude F. Now, let us cut the member at C. To maintain 
the equilibrium of the free bodies AC and CB thus obtained, we 
must apply to AC a force —F equal and opposite to F, and to CB a 
force F equal and opposite to —F (Fig. 7.1b). These new forces are 
directed along AB in opposite sense and have the same magnitude 
F. Since the two parts AC and CB were in equilibrium before the 
member was cut, internal forces equivalent to these new forces must 
have existed in the member itself. We conclude that in the case of 
a straight two-force member, the internal forces that the two portions 
of the member exert on each other are equivalent to axial forces. 
The common magnitude F of these forces does not depend upon the 
location of the section C and is referred to as the force in member 
AB. In the case considered, the member is in tension and will elon- 
gate under the action of the internal forces. In the case represented 
in Fig. 7.2, the member is in compression and will decrease in length 
under the action of the internal forces. 

Next, let us consider a multiforce member. Take, for instance, 
member AD of the crane analyzed in Sec. 6.10. This crane is shown 
again in Fig. 7.3a, and the free-body diagram of member AD is 
drawn in Fig. 7.3b. We now cut member AD at J and draw a free- 
body diagram for each of the portions JD and AJ of the member 


Fig. 7.3 


(Fig. 7.3c and d). Considering the free body JD, we find that its 
equilibrium will be maintained if we apply at J a force F to balance 
the vertical component of T, a force V to balance the horizontal 
component of T, and a couple M to balance the moment of T about 
J. Again we conclude that internal forces must have existed at J 
before member AD was cut. The internal forces acting on the por- 
tion JD of member AD are equivalent to the force-couple system 
shown in Fig. 7.3c. According to Newton’s third law, the internal 
forces acting on AJ must be equivalent to an equal and opposite 
force-couple system, as shown in Fig. 7.3d. It is clear that the action 
of the internal forces in member AD is not limited to producing 
tension or compression as in the case of straight two-force members; 
the internal forces also produce shear and bending. The force F is 
an axial force; the force V is called a shearing force; and the moment 
M of the couple is known as the bending moment at J. We note that 
when determining internal forces in a member, we should clearly 
indicate on which portion of the member the forces are supposed to 
act. The deformation which will occur in member AD is sketched in 
Fig. 7.3e. The actual analysis of such a deformation is part of the 
study of mechanics of materials. 

It should be noted that in a two-force member which is not 
straight, the internal forces are also equivalent to a force-couple sys- 
tem. This is shown in Fig. 7.4, where the two-force member ABC 
has been cut at D. 


Fig. 7.4 
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Photo 7.1 The design of the shaft of a circular 
saw must account for the internal forces resulting 
from the forces applied to the teeth of the blade. 
At a given point in the shaft, these internal 
forces are equivalent to a force-couple system 
consisting of axial and shearing forces and a 
couple representing the bending and torsional 
moments. 


SAMPLE PROBLEM 7.1 


In the frame shown, determine the internal forces (a) in member ACF at 
point J, (b) in member BCD at point K. This frame has been previously 
considered in Sample Prob. 6.5. 


1200 N 3600N 2400 N SOLUTION 


Reactions and Forces at Connections. The reactions and the forces acting 
jC on each member of the frame are determined; this has been previously done 
in Sample Prob. 6.5, and the results are repeated here. 


{ 1200 N 
B 
E 

600 N 


3600 N 


a. Internal Forces at J. Member ACF is cut at point J, and the two parts 
shown are obtained. The internal forces at J are represented by an equiva- 
lent force-couple system and can be determined by considering the equi- 
librium of either part. Considering the free body AJ, we write 


+5 2M, = 0: —(1800 N)(1.2 m) + M = 0 
M = +2160 N-m M=2160N-m} <4 
+N =F, = 0: F — (1800 N) cos 41.7° = 0 
F = +1344N F=1344NN\ < 
+7 SF, = 0: —V + (1800 N) sin 41.7° = 0 
V=+1197N V=l1197Nv < 


The internal forces at J are therefore equivalent to a couple M, an axial 
force F, and a shearing force V. The internal force-couple system acting on 
part JCF is equal and opposite. 


b. Internal Forces at K. We cut member BCD at K and obtain the two 


y | parts shown. Considering the free body BK, we write 
15m -V 3600N SMe 6: (1200 N)(1.5 m) + M = 0 
1200 N poe a M = -1800N-m M=1800N-m) <4 
> SF, = 0: F=0 F=0 < 
M Pale = 0: = SAO IN| = WW = 0) 
Vv. V = —1200 N V = 1200 NT <q 
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SOLVING PROBLEMS 
JN TOUR OWN 


L. this lesson you learned to determine the internal forces in the member of a 
frame. The internal forces at a given point in a straight two-force member 
reduce to an axial force, but in all other cases, they are equivalent to a force-couple 
system consisting of an axial force F, a shearing force V, and a couple M repre- 
senting the bending moment at that point. 


To determine the internal forces at a given point J of the member of a frame, you 
should take the following steps. 


1. Draw a free-body diagram of the entire frame, and use it to determine as 
many of the reactions at the supports as you can. 


2. Dismember the frame, and draw a free-body diagram of each of its 
members. Write as many equilibrium equations as are necessary to find all the 
forces acting on the member on which point J is located. 


3. Cut the member at point J, and draw a free-body diagram of each of the 
two portions of the member that you have obtained, applying to each portion at 
point J the force components and couple representing the internal forces exerted 
by the other portion. Note that these force components and couples are equal in 
magnitude and opposite in sense. 


4. Select one of the two free-body diagrams you have drawn and use it to 
write three equilibrium equations for the corresponding portion of member. 

a. Summing moments about J and equating them to zero will yield the bend- 
ing moment at point J. 

b. Summing components in directions parallel and perpendicular to the 
member at J and equating them to zero will yield, respectively, the axial and shear- 
ing force. 


5. When recording your answers, be sure to specify the portion of the 
member you have used, since the forces and couples acting on the two portions 
have opposite senses. 


Since the solutions of the problems in this lesson require the determination of the 
forces exerted on each other by the various members of a frame, be sure to review 
the methods used in Chap. 6 to solve this type of problem. When frames involve 
pulleys and cables, for instance, remember that the forces exerted by a pulley on 
the member of the frame to which it is attached have the same magnitude and 
direction as the forces exerted by the cable on the pulley [Prob. 6.90]. 
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PROBLEMS 


7.1 and 7.2 Determine the internal forces (axial force, shearing 
force, and bending moment) at point J of the structure indicated. 

7.1 Frame and loading of Prob. 6.79 

7.2 Frame and loading of Prob. 6.80 


7.3 Determine the internal forces at point J when a = 90°. 


, ha ‘aia : 
J 


ele mm Bi 


14kN 


Ix i) 400 mm 


200 mm 
Fig. P7.3 and P7.4 


y 4 /B 7.4 Determine the internal forces at point J when a = 0. 
Kle 60 mm 
rn __ 460mm 7.5 Determine the internal forces at point J of the structure shown. 
a 7.6 Determine the internal forces at point K of the structure shown. 
mm 
400 N 7.7 A semicircular rod is loaded as shown. Determine the internal 
Fig. P7.5 and P7.6 forces at point J. 


120N 


180 mm 


180 mm 


Fig. P7.7 and P7.8 


7.8 A semicircular rod is loaded as shown. Determine the internal 
forces at point K. 
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7.9 An archer aiming at a target is pulling with a 45-lb force on the Problems 359 
bowstring. Assuming that the shape of the bow can be approxi- 
mated by a parabola, determine the internal forces at point J. 


7.10 For the bow of Prob. 7.9, determine the magnitude and location 
of the maximum (a) axial force, (b) shearing force, (c) bending 
moment. 


7.11 Two members, each consisting of a straight and a quarter-circular 
portion of rod, are connected as shown and support a 75-lb load 
at A. Determine the internal forces at point J. 


|<—— 6 in. —~>]<3 in >|<3 in>|}«——6 ~y al 


Fig. P7.9 


75 lb 
Fig. P7.11 and P7.12 


7.12 Two members, each consisting of a straight and a quarter-circular 
portion of rod, are connected as shown and support a 75-lb load 
at A. Determine the internal forces at point K. 


7.13 A semicircular rod is loaded as shown. Determine the internal 
forces at point J knowing that @ = 30°. 


280 N 


c 160 mm—|<— 160 mm + 
A B 


Fig. P7.13 and P7.14 


7.14 A semicircular rod is loaded as shown. Determine the magnitude 
and location of the maximum bending moment in the rod. 


360 Forces in Beams and Cables 7.15 Knowing that the radius of each pulley is 150 mm, that a = 20°, 
and neglecting friction, determine the internal forces at (a) point J, 


(b) point K. 


l 0.6 m T 0.6m 5 


Fig. P7.15 and P7.16 


7.16 Knowing that the radius of each pulley is 150 mm, that a = 30°, 
and neglecting friction, determine the internal forces at (a) point J, 


(b) point K. 


7.17 Knowing that the radius of each pulley is 200 mm and neglecting 
friction, determine the internal forces at point J of the frame 
shown. 


Fig. P7.17 and P7.18 


7.18 Knowing that the radius of each pulley is 200 mm and neglecting 
friction, determine the internal forces at point K of the frame 
shown. 


7.19 A 5-in.-diameter pipe is supported every 9 ft by a small frame 
consisting of two members as shown. Knowing that the combined 
weight of the pipe and its contents is 10 lb/ft and neglecting the 
effect of friction, determine the magnitude and location of the 
maximum bending moment in member AC. 


6.75 in 7.20 For the frame of Prob. 7.19, determine the magnitude and location 
Fig. P7.19 of the maximum bending moment in member BC. 


7.21 and 7.22 A force P is applied to a bent rod that is supported 
by a roller and a pin and bracket. For each of the three cases shown, 
determine the internal forces at point J. 


Fig. P7.22 


7.23 


7.24 


7.25 


7.27 


7.28 


A semicircular rod of weight W and uniform cross section is sup- 
ported as shown. Determine the bending moment at point J when 
6 = 60°. 


A semicircular rod of weight W and uniform cross section is sup- 
ported as shown. Determine the bending moment at point J when 
6 = 150°. 


and 7.26 A quarter-circular rod of weight W and uniform cross 
section is supported as shown. Determine the bending moment at 
point J when 6 = 30°. Fig. P7.23 and P7.24 


Fig. P7.25 Fig. P7.26 


For the rod of Prob. 7.25, determine the magnitude and location 
of the maximum bending moment. 


For the rod of Prob. 7.26, determine the magnitude and location 
of the maximum bending moment. 


Problems 
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A | D 
~. 
(a) Concentrated loads 
w 
A C 
~. B =fto- 
(b) Distributed load 
Fig. 7.5 
Statically 
Determinate =f 


Beams . : 


a 


(a) Simply supported beam 


Statically 
Indeterminate =f 


Beams 
E Ly ue Ly 


(d) Continuous beam 


Fig. 7.6 


*7.3 VARIOUS TYPES OF LOADING AND SUPPORT 


A structural member designed to support loads applied at various 
points along the member is known as a beam. In most cases, the loads 
are perpendicular to the axis of the beam and will cause only shear 
and bending in the beam. When the loads are not at a right angle to 
the beam, they will also produce axial forces in the beam. 

Beams are usually long, straight prismatic bars. Designing a 
beam for the most effective support of the applied loads is a two-part 
process: (1) determining the shearing forces and bending moments 
produced by the loads and (2) selecting the cross section best suited 
to resist the shearing forces and bending moments determined in 
the first part. Here we are concerned with the first part of the prob- 
lem of beam design. The second part belongs to the study of mechan- 
ics of materials. 

A beam can be subjected to concentrated loads Py, Ps, . . ., 
expressed in newtons, pounds, or their multiples kilonewtons and 
kips (Fig. 7.5a), to a distributed load w, expressed in N/m, kN/m, 
lb/ft, or kips/ft (Fig. 7.5b), or to a combination of both. When the 
load w per unit length has a constant value over part of the beam 
(as between A and B in Fig. 7.5b), the load is said to be uniformly 
distributed over that part of the beam. The determination of the 
reactions at the supports is considerably simplified if distributed 
loads are replaced by equivalent concentrated loads, as explained in 
Sec. 5.8. This substitution, however, should not be performed, or at 
least should be performed with care, when internal forces are being 
computed (see Sample Prob. 7.3). 

Beams are classified according to the way in which they are 
supported. Several types of beams frequently used are shown in 
Fig. 7.6. The distance L between supports is called the span. It 
should be noted that the reactions will be determinate if the supports 
involve only three unknowns. If more unknowns are involved, the 


A. =ofto- I 

— i if | 

(b) Overhanging beam (c) Cantilever beam 
i | : 

=abso- i 

. yA | . L : 

(e) Beam fixed at one end (f) Fixed beam 
and simply supported 


at the other end 


reactions will be statically indeterminate and the methods of statics 
will not be sufficient to determine the reactions; the properties of 
the beam with regard to its resistance to bending must then be 
taken into consideration. Beams supported by two rollers are not 
shown here; they are only partially constrained and will move under 
certain loadings. 

Sometimes two or more beams are connected by hinges to 
form a single continuous structure. Two examples of beams hinged 
at a point H are shown in Fig. 7.7. It will be noted that the reactions 
at the supports involve four unknowns and cannot be determined 
from the free-body diagram of the two-beam system. They can be 
determined, however, by considering the free-body diagram of each 
beam separately; six unknowns are involved (including two force 
components at the hinge), and six equations are available. 


*7.4 SHEAR AND BENDING MOMENT IN A BEAM 


Consider a beam AB subjected to various concentrated and distrib- 
uted loads (Fig. 7.82). We propose to determine the shearing force 
and bending moment at any point of the beam. In the example con- 
sidered here, the beam is simply supported, but the method used 
could be applied to any type of statically determinate beam. 

First we determine the reactions at A and B by choosing the 
entire beam as a free body (Fig. 7.8b); writing 2M, = 0 and 2M; = 
0, we obtain, respectively, Rg and Ry. 

To determine the internal forces at C, we cut the beam at C 
and draw the free-body diagrams of the portions AC and CB of the 


A B 


1 (b) I, 


h. 
hit, Li, 


(c) 
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a H 
pec B 
4 A =f 
(a) 
H 
A ng C 
a a =< 
(b) 
Fig. 7.7 


Photo 7.2 The internal forces in the beams of 
the overpass shown vary as the truck crosses the 
overpass. 


364 


Forces in Beams and Cables 


|) cf 


(a) Internal forces at section 
(positive shear and positive bending moment) 


Cc 


(b) Effect of external forces 
(positive shear) 


Cc 


(aa 


(c) Effect of external forces 
(positive bending moment) 


Fig. 7.9 


beam (Fig. 7.8c). Using the free-body diagram of AC, we can deter- 
mine the shearing force V at C by equating to zero the sum of the 
vertical components of all forces acting on AC. Similarly, the bending 
moment M at C can be found by equating to zero the sum of the 
moments about C of all forces and couples acting on AC. Alterna- 
tively, we could use the free-body diagram of CBt and determine 
the shearing force V’ and the bending moment M’ by equating to 
zero the sum of the vertical components and the sum of the moments 
about C of all forces and couples acting on CB. While this choice of 
free bodies may facilitate the computation of the numerical values 
of the shearing force and bending moment, it makes it necessary to 
indicate on which portion of the beam the internal forces considered 
are acting. If the shearing force and bending moment are to be 
computed at every point of the beam and efficiently recorded, we 
must find a way to avoid having to specify every time which portion 
of the beam is used as a free body. We shall adopt, therefore, the 
following conventions: 

In determining the shearing force in a beam, it will always be 
assumed that the internal forces V and V’ are directed as shown in 
Fig. 7.8c. A positive value obtained for their common magnitude V 
will indicate that this assumption was correct and that the shearing 
forces are actually directed as shown. A negative value obtained for 
V will indicate that the assumption was wrong and that the shearing 
forces are directed in the opposite way. Thus, only the magnitude V, 
together with a plus or minus sign, needs to be recorded to define 
completely the shearing forces at a given point of the beam. The 
scalar V is commonly referred to as the shear at the given point of 
the beam. 

Similarly, it will always be assumed that the internal couples M 
and M’ are directed as shown in Fig. 7.8c. A positive value obtained 
for their magnitude M, commonly referred to as the bending moment, 
will indicate that this assumption was correct, and a negative value 
will indicate that it was wrong. Summarizing the sign conventions we 
have presented, we state: 

The shear V and the bending moment M at a given point of 
a beam are said to be positive when the internal forces and cou- 
ples acting on each portion of the beam are directed as shown in 
Fig. 7.9a. 

These conventions can be more easily remembered if we note 
that: 


1. The shear at C is positive when the external forces (loads and 
reactions) acting on the beam tend to shear off the beam at C 
as indicated in Fig. 7.9b. 

2. The bending moment at C is positive when the external forces 
acting on the beam tend to bend the beam at C as indicated in 
Fig. 7.9c. 


+The force and couple representing the internal forces acting on CB will now be denoted 
by V’ and M’, rather than by —V and —M as done earlier, in order to avoid confusion 
when applying the sign convention which we are about to introduce. 


It may also help to note that the situation described in Fig. 7.9, 
in which the values of the shear and of the bending moment are 
positive, is precisely the situation which occurs in the left half of a 
simply supported beam carrying a single concentrated load at its 
midpoint. This particular example is fully discussed in the following 
section. 


*7.5 SHEAR AND BENDING-MOMENT DIAGRAMS 


Now that shear and bending moment have been clearly defined in 
sense as well as in magnitude, we can easily record their values at 
any point of a beam by plotting these values against the distance x 
measured from one end of the beam. The graphs obtained in this 
way are called, respectively, the shear diagram and the bending- 
moment diagram. As an example, consider a simply supported 
beam AB of span L subjected to a single concentrated load P 
applied at its midpoint D (Fig. 7.10a). We first determine the reac- 
tions at the supports from the free-body diagram of the entire beam 
(Fig. 7.10b); we find that the magnitude of each reaction is equal 
to P/2. 

Next we cut the beam at a point C between A and D and 
draw the free-body diagrams of AC and CB (Fig. 7.10c). Assuming 
that shear and bending moment are positive, we direct the internal 
forces V and V’ and the internal couples M and M’ as indicated 
in Fig. 7.9a. Considering the free body AC and writing that the 
sum of the vertical components and the sum of the moments about 
C of the forces acting on the free body are zero, we find V = +P/2 
and M = +Px/2. Both shear and bending moment are therefore 
positive; this can be checked by observing that the reaction at A 
tends to shear off and to bend the beam at C as indicated in 
Fig. 7.9b and c. We can plot V and M between A and D (Fig. 7.10e 
and f); the shear has a constant value V = P/2, while the bending 
moment increases linearly from M = 0 at x = 0 to M = PL/4 at 
x = L/2. 

Cutting, now, the beam at a point E between D and B and 
considering the free body EB (Fig. 7.10d), we write that the sum of 
the vertical components and the sum of the moments about E of the 
forces acting on the free body are zero. We obtain V = —P/2 and 
M = P(L — x)/2. The shear is therefore negative and the bending 
moment positive; this can be checked by observing that the reaction 
at B bends the beam at E as indicated in Fig. 7.9c but tends to shear 
it off in a manner opposite to that shown in Fig. 7.9b. We can com- 
plete, now, the shear and bending-moment diagrams of Fig. 7.10e 
and f; the shear has a constant value V = —P/2 between D and B, 
while the bending moment decreases linearly from M = PL/4 at x = 


7.5 Shear and Bending-Moment Diagrams 


365 


ply 


L/2 to M = Oatx = L. 

It should be noted that when a beam is subjected to concen- 
trated loads only, the shear is of constant value between loads and 
the bending moment varies linearly between loads, but when a beam 
is subjected to distributed loads, the shear and bending moment vary 
quite differently (see Sample Prob. 7.3). 


2 
(e) 
M 
PL 
4 
| 
ye “TT 
L i * 
2 
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Fig. 7.10 
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Vi, 14kN 


“ +26 kN 
x 
oo kN =I N 


=<2.5m><—3 m—><2 m> 


+28 kN-m 


—50 kN-m 


SAMPLE PROBLEM 7.2 


Draw the shear and bending-moment diagrams for the beam and loading 
shown. 


SOLUTION 


Free-Body: Entire Beam. From the free-body diagram of the entire beam, 
we find the reactions at B and D: 


R,=46kN} Rp=I14kN} 


Shear and Bending Moment. We first determine the internal forces just 
to the right of the 20-kN load at A. Considering the stub of beam to the 
left of section 1 as a free body and assuming V and M to be positive (accord- 
ing to the standard convention), we write 


+13SF, = 0: 
ae =M, = 0: 


—~20 kN — V, = 0 
(20 kN)(0 m) + M, = 0 


V, = —20 kN 
M, = 0 

We next consider as a free body the portion of the beam to the left 
of section 2 and write 
+ (le, = 0: 


=20 kN = V, = 0 
(20 kN)(2.5 m) + My = 0 


Vo = —20 kN 


The shear and bending moment at sections 3, 4, 5, and 6 are deter- 
mined in a similar way from the free-body diagrams shown. We obtain 


V3 = +26 kN M3 = —50kN-m 
V, = +26kN M, = +28kN-m 
V; = —14kN Ms = +28kN-m 
Ve = —14kN M, = 0 


For several of the latter sections, the results are more easily obtained by 
considering as a free body the portion of the beam to the right of the 
section. For example, considering the portion of the beam to the right of 
section 4, we write 


spe, = V,— 40 kN + 14kN = 0 
+5 2M, = 0: —M, + (14kN)(2 m) = 0 


Vz = +26 kN 
My = +28kN-m 


Shear and Bending-Moment Diagrams. We can now plot the six points 
shown on the shear and bending-moment diagrams. As indicated in Sec. 7.5, 
the shear is of constant value between concentrated loads, and the bending 
moment varies linearly; we therefore obtain the shear and bending-moment 
diagrams shown. 


40 Ib/in. SAMPLE PROBLEM 7.3 
Afe D, B = i a a a nn ae ee 
S558 C D = Draw the shear and bending-moment diagrams for the beam AB. The dis- 


E tributed load of 40 lb/in. extends over 12 in. of the beam, from A to C, and 
400 lb the 400-lb load is applied at E. 
<— 12 in. a al {10 in. 
Oo ine 
* 480 Ib 
SOLUTION 
B By : 
A > Free-Body: Entire Beam. The reactions are determined by considering the 
C D entire beam as a free body. 
A z B, 
400 Ib + 3M, = 0: B,(32 in.) — (480 Ib)(6 in.) — (400 Ib)(22 in.) = 0 
; | ee i = 4ERe5 IIo B, = 365 lb T 
Moganmmen (meager ge +52M,=0: (480 Ib)(26 in.) + (400 Ib)(10 in.) — A(32 in.) = 0 
6 in A= +515 Ib A=515lbT 
|<—12 in.—>|<— 14 in. k= 0: Be B, = 0 
40 Ib/in. : 
1600 Ib-in. The 400-Ib load is now replaced by an equivalent force-couple system acting 
a B on the beam at point D. 
dl (} D o) 
515 wf ; 365 Ib . 
_3 400 Ib Shear and Bending Moment. From Ato C. We determine the internal 
40x <> forces at a distance x from point A by considering the portion of the beam to 
the left of section 1. That part of the distributed load acting on the free body 
) is replaced by its resultant, and we write 
M 
4 TSE, = 0: pila 40x Ve") V =515 — 40x 
ae rele +53M,=0; —BIBx + 40x(@x) + M =0 M = 55x — 202 
480 lb 


Since the free-body diagram shown can be used for all values of x smaller 
than 12 in., the expressions obtained for V and M are valid throughout the 


TIT region 0 <x < 12 in. 
x 


From C to D. Considering the portion of the beam to the left of section 2 
and again replacing the distributed load by its resultant, we obtain 


_— | +{2F,— 0: olo — 480 — V —0V — 35 lb 
kaa +) 3M, =0: —515x + 480(x —6)+M=0  M = (2880 + 35x) Ib- in. 
y 1600 Ib-in. These expressions are valid in the region 12 in. <x < 18 in. 
\) From D to B. Using the portion of the beam to the left of section 3, we 
515 It | rary obtain for the region 18 in. < x < 32 in. 
Ole 400 Ibw *- 18 |v 
B x =| opp2s8, = s0h Bills) = 2S) = kN) = WV 0} V = —365 lb 
Vv +5 2M3 = 0: 515x + 480(¢ — 6) — 1600 + 400(x — 18) + M=0 
515 D351 M = (11,680 — 365x) lb - in. 
18 in. O2imn, x 
ee -365 Ib 


Shear and Bending-Moment Diagrams. The shear and bending-moment 


a -in. 5110 lb-in. 
3300 air ee . diagrams for the entire beam can now be plotted. We note that the couple 
of moment 1600 lb - in. applied at point D introduces a discontinuity into 


* the bending-moment diagram. 
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SOLVING PROBLEMS 
JN FOUR OWN 


L this lesson you learned to determine the shear V and the bending moment 
M at any point in a beam. You also learned to draw the shear diagram and the 
bending-moment diagram for the beam by plotting, respectively, V and M against 
the distance x measured along the beam. 


A. Determining the shear and bending moment in a beam. To determine the 
shear V and the bending moment M at a given point C of a beam, you should 
take the following steps. 


1. Draw a free-body diagram of the entire beam, and use it to determine the 
reactions at the beam supports. 


2. Cut the beam at point C, and, using the original loading, select one of the 
two portions of the beam you have obtained. 


3. Draw the free-body diagram of the portion of the beam you have selected, 
showing: 

a. The loads and the reaction exerted on that portion of the beam, replacing 
each distributed load by an equivalent concentrated load as explained earlier in 
Sec. 5.8. 

b. The shearing force and the bending couple representing the internal 
forces at C. To facilitate recording the shear V and the bending moment M after 
they have been determined, follow the convention indicated in Figs. 7.8 and 7.9. 
Thus, if you are using the portion of the beam located to the left of C, apply at C 
a shearing force V directed downward and a bending couple M directed counter- 
clockwise. If you are using the portion of the beam located to the right of C, apply 
at C a shearing force V' directed upward and a bending couple M' directed clock- 
wise [Sample Prob. 7.2]. 


4. Write the equilibrium equations for the portion of the beam you have 
selected. Solve the equation =F, = 0 for V and the equation =Mc = 0 for M. 


5. Record the values of V and M with the sign obtained for each of them. A 
positive sign for V means that the shearing forces exerted at C on each of the two 
portions of the beam are directed as shown in Figs. 7.8 and 7.9; a negative sign 
means that they have the opposite sense. Similarly, a positive sign for M means 
that the bending couples at C are directed as shown in these figures, and a nega- 
tive sign means that they have the opposite sense. In addition, a positive sign for 
M means that the concavity of the beam at C is directed upward, and a negative 
sign means that it is directed downward. 


B. Drawing the shear and bending-moment diagrams for a beam. These 
diagrams are obtained by plotting, respectively, V and M against the distance x 
measured along the beam. However, in most cases the values of V and M need to 
be computed only at a few points. 


1. For a beam supporting only concentrated loads, we note [Sample Prob. 7.2] 
that 

a. The shear diagram consists of segments of horizontal lines. Thus, to 
draw the shear diagram of the beam you will need to compute V only just to the 
left or just to the right of the points where the loads or the reactions are 
applied. 

b. The bending-moment diagram consists of segments of oblique straight 
lines. Thus, to draw the bending-moment diagram of the beam you will need to 
compute M only at the points where the loads or the reactions are applied. 


2. For a beam supporting uniformly distributed loads, we note [Sample 
Prob. 7.3] that under each of the distributed loads: 

a. The shear diagram consists of a segment of an oblique straight 
line. Thus, you will need to compute V only where the distributed load begins 
and where it ends. 

b. The bending-moment diagram consists of an arc of parabola. In most 
cases you will need to compute M only where the distributed load begins and 
where it ends. 


3. For a beam with a more complicated loading, it is necessary to consider 
the free-body diagram of a portion of the beam of arbitrary length x and determine 
V and M as functions of x. This procedure may have to be repeated several times, 
since V and M are often represented by different functions in various parts of the 
beam [Sample Prob. 7.3]. 


4. When a couple is applied to a beam, the shear has the same value on both 
sides of the point of application of the couple, but the bending-moment diagram 
will show a discontinuity at that point, rising or falling by an amount equal to the 
magnitude of the couple. Note that a couple can either be applied directly to the 
beam, or result from the application of a load on a curved member rigidly attached 
to the beam [Sample Prob. 7.3]. 
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PROBLEMS 


La P 7.29 through 7.32 For the beam and loading shown, (a) draw the 
C shear and bending-moment diagrams, (b) determine the maximum 
Ke absolute values of the shear and bending moment. 
B 
|~ a | a 
Ww Ww 
Fig. P7.29 
C 
P A D A 
\ A [ i a il 
B ib Ei i L L 
x ae ; 4 3 4 5 ss 2 
Fig. P7.31 Fig. P7.32 
J L 2L i 
3 3 
Fig. P7.30 7.33 and 7.34 For the beam and loading shown, (a) draw the shear 


and bending-moment diagrams, (b) determine the maximum abso- 
lute values of the shear and bending moment. 


30 kN 20 kN 


Pp 


2 2 A 3 
zB B 
a A oO C ee 
My =PL x =" 0.5m 0.5m 0.5m 
My 15 kN 
Fig. P7.33 Fig. P7.34 Fig. P7.35 


7.35 and 7.36 For the beam and loading shown, (a) draw the shear 
and bending-moment diagrams, (b) determine the maximum abso- 
lute values of the shear and bending moment. 


6kips 12 kips 4.5 kips 120 lb 300 Ib 120 lb 


yy Tt 
Se Oe 


Geen ops isan 
Fig. P7.37 Fig. P7.38 


7.37 and 7.38 For the beam and loading shown, (a) draw the shear 
and bending-moment diagrams, (b) determine the maximum abso- 
lute values of the shear and bending moment. 
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7.39 through 7.42 For the beam and loading shown, (a) draw the 
shear and bending-moment diagrams, (b) determine the maximum 
absolute values of the shear and bending moment. 


80 kN 
EN gsi 30 kN/n 
A Cc D B A B 
|. 2m—~>K< ><— 2 m— I~ ol 3m | >| 
m 2m 2m 
Fig. P7.39 Fig. P7.40 


7.43 Assuming the upward reaction of the ground on beam AB to be 
uniformly distributed and knowing that a = 0.3 m, (a) draw the 
shear and bending-moment diagrams, (b) determine the maximum 
absolute values of the shear and bending moment. 


ee 


Fig. P7.43 


7.44 Solve Prob. 7.43 knowing that a = 0.5 m. 


7.45 and 7.46 Assuming the upward reaction of the ground on beam 
AB to be uniformly distributed, (a) draw the shear and bending- 
moment diagrams, (b) determine the maximum absolute values of 
the shear and bending moment. 


ips 3 kips/f 
3 kips/ft ps/ft 3 kips/ft 
| | | |. A | | | | | | | 
C D 
iin 2 
: 3 ft Js — 3 ft : Le ml ft = a| 


Fig. P7.45 Fig. P7.46 


7.47 Assuming the upward reaction of the ground on beam AB to be 
uniformly distributed and knowing that P = wa, (a) draw the shear 
and bending-moment diagrams, (b) determine the maximum abso- 
lute values of the shear and bending moment. 


7.48 Solve Prob. 7.47 knowing that P = 3wa. 
7.49 Draw the shear and bending-moment diagrams for the beam AB, 


and determine the shear and bending moment (a) just to the left 
of C, (b) just to the right of C. 


4 kips/ft 
|. 5 ft _| 
2 ft 2 ft 
8 kips 8 kips 
Fig. P7.41 
2.5 kips/ft 


—F. 


200 mm 200 mm eT mm 


600 N 
Fig. P7.49 
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Fig. P7.50 


1.5 kips 


Tet iia 
0.8 ft 
1_¢ 


A r= 


6 kips 15 " 


1.2 ft 1.2 ft 1.2 ft 1.2 ft 
Fig. P7.52 
300 mm -- 300 mm — mm 
400 a. 400 N 
i ie 
A L_ B 
he [Cc Dp .£| = 
150m mm 300mm "300 mm 150mm 
Fig. P7.54 
_ | 
oo _ 
iB 
Fig. P7.58 


= 
: 


*T TLL 


Qf 2 2h D2 Aft 
Fig. P7.59 


R E 05 
Ss BR 
F G H 
K—1.5m lm>~<1m 1.5m 


7.50 Two small channel sections DF and EH have been welded to the 


7.51 


uniform beam AB of weight W = 3 kN to form the rigid structural 
member shown. This member is being lifted by two cables attached 
at D and E. Knowing that 6 = 30° and neglecting the weight of 
the channel sections, (a) draw the shear and bending-moment dia- 
grams for beam AB, (b) determine the maximum absolute values 
of the shear and bending moment in the beam. 


Solve Prob. 7.50 when @ = 60°. 


7.52 through 7.54 Draw the shear and bending-moment diagrams 


7.55 


7.56 


7.57 


7.58 


7.59 


for the beam AB, and determine the maximum absolute values of 
the shear and bending moment. 


120 lb 


6 in. | 


For the structural member of Prob. 7.50, determine (a) the angle 
@ for which the maximum absolute value of the bending moment 
in beam AB is as small as possible, (b) the corresponding value of 
IM| max. (Hint: Draw the bending-moment diagram and then equate 
the absolute values of the largest positive and negative bending 
moments obtained.) 


For the beam of Prob. 7.43, determine (a) the distance a for which 
the maximum absolute value of the bending moment in the beam 
is as small as possible, (b) the corresponding value of |M|max. (See 
hint for Prob. 7.55.) 


For the beam of Prob. 7.47, determine (a) the ratio k = P/hwa for 
which the maximum absolute value of the bending moment in the 
beam is as small as possible, (b) the corresponding value of |M|max- 


(See hint for Prob. 7.55.) 


A uniform beam is to be picked up by crane cables attached at A 
and B. Determine the distance a from the ends of the beam to the 
points where the cables should be attached if the maximum absolute 
value of the bending moment in the beam is to be as small as possi- 
ble. (Hint: Draw the bending-moment diagram in terms of a, L, and 
the weight w per unit length, and then equate the absolute values of 
the largest positive and negative bending moments obtained.) 


For the beam shown, determine (a) the magnitude P of the two 
upward forces for which the maximum absolute value of the bend- 
ing moment in the beam is as small as possible, (b) the correspond- 
ing value of |M|nax- (See hint for Prob. 7.55.) 


7.60 Knowing that P = Q = 150 lb, determine (a) the distance a for 
which the maximum absolute value of the bending moment in 
beam AB is as small as possible, (b) the corresponding value of 
|Mlmax- (See hint for Prob. 7.55.) 


7.61 Solve Prob. 7.60 assuming that P = 300 Ib and Q = 150 lb. 


*7.62 In order to reduce the bending moment in the cantilever beam 
AB, a cable and counterweight are permanently attached at end B. 
Determine the magnitude of the counterweight for which the 
maximum absolute value of the bending moment in the beam is 
as small as possible and the corresponding value of |M|max- Con- 
sider (a) the case when the distributed load is permanently applied 
to the beam, (b) the more general case when the distributed load 
may either be applied or removed. 


*7.6 RELATIONS AMONG LOAD, SHEAR, 


AND BENDING MOMENT 


When a beam carries more than two or three concentrated loads, or 
when it carries distributed loads, the method outlined in Sec. 7.5 for 
plotting shear and bending moment is likely to be quite cumber- 
some. The construction of the shear diagram and, especially, of the 
bending-moment diagram will be greatly facilitated if certain rela- 
tions existing among load, shear, and bending moment are taken into 
consideration. 

Let us consider a simply supported beam AB carrying a distrib- 
uted load w per unit length (Fig. 7.11a), and let C and C’ be two 
points of the beam at a distance Av from each other. The shear and 
bending moment at C will be denoted by V and M, respectively, and 
will be assumed positive; the shear and bending moment at C’ will 
be denoted by V + AV and M + AM. 

Let us now detach the portion of beam CC’ and draw its free- 
body diagram (Fig. 7.11b). The forces exerted on the free body 
include a load of magnitude w Av and internal forces and couples at 
C and C’. Since shear and bending moment have been assumed posi- 
tive, the forces and couples will be directed as shown in the figure. 


Relations between Load and Shear. We write that the 
sum of the vertical components of the forces acting on the free body 
CC’ is zero: 
V—(V + AV) —w Ax = 0 
AV = —w Ax 


Dividing both members of the equation by Av and then letting Ax 
approach zero, we obtain 


(7.1) 


Formula (7.1) indicates that for a beam loaded as shown in Fig. 7.11a, 
the slope dV/dx of the shear curve is negative; the numerical value of 
the slope at any point is equal to the load per unit length at that point. 


7.6 Relations among Load, Shear, 
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and Bending Moment 


30 in. 
D 


[ 30 in. 
A 
@ 


2 ml 
|. _, 


Fig. P7.60 


Fig. P7.62 


A B 
é. c| Jc’ D =afso- 
are |< Ax 
(a) 
wAx 
1 
uJ Ax 
4 air 
iw 
Vv 
Wf Dos 
Cc Cc’ 
V+AV 
bh A >] 
(b) 
Fig. 7.11 


374 Forces in Beams and Cables Integrating (7.1) between points C and D, we obtain 
XD 


w Vp —-Vce= -| w dx (7.2) 


Xc 


Vp — Vc = —(area under load curve between C and D) _ (7.2’) 


yw cl le D == Note that this result could also have been obtained by considering 
the equilibrium of the portion of beam CD, since the area under the 
load curve represents the total load applied between C and D. 

(a) It should be observed that formula (7.1) is not valid at a point 
where a concentrated load is applied; the shear curve is discontinuous 
at such a point, as seen in Sec. 7.5. Similarly, formulas (7.2) and (7.2’) 
cease to be valid when concentrated loads are applied between C and 
D, since they do not take into account the sudden change in shear 
caused by a concentrated load. Formulas (7.2) and (7.2’), therefore, 
should be applied only between successive concentrated loads. 


Relations between Shear and Bending Moment. Re- 
turning to the free-body diagram of Fig. 7.11b, and writing now that 
the sum of the moments about C’ is zero, we obtain 


Ax 
(M+ AM) -M—V Ax + wAx—~ =0 
(b) 2, 


Fig. 7.11 (repeated) AM = V Ax — sw (Ax)? 


Dividing both members of the equation by Av and then letting Ax 
approach zero, we obtain 


dM 
aE V (7.3) 
Formula (7.3) indicates that the slope dM/dx of the bending-moment 
curve is equal to the value of the shear. This is true at any point 
where the shear has a well-defined value, i.e., at any point where no 
concentrated load is applied. Formula (7.3) also shows that the shear 
is zero at points where the bending moment is maximum. This prop- 
erty facilitates the determination of the points where the beam is 
likely to fail under bending. 
Integrating (7.3) between points C and D, we obtain 


Mp - Mc =| Vdx (7.4) 


Mp — Mc = area under shear curve between C and D (7.4’) 


Note that the area under the shear curve should be considered 
positive where the shear is positive and negative where the shear is 
negative. Formulas (7.4) and (7.4") are valid even when concentrated 
loads are applied between C and D, as long as the shear curve has 
been correctly drawn. The formulas cease to be valid, however, if a 
couple is applied at a point between C and D, since they do not take 
into account the sudden change in bending moment caused by a 
couple (see Sample Prob. 7.7). 


EXAMPLE Let us consider a simply supported beam AB of span L car- 
rying a uniformly distributed load w (Fig. 7.12a). From the free-body dia- 
gram of the entire beam we determine the magnitude of the reactions at 
the supports: Ra = Rg = wL/2 (Fig. 7.12b). Next, we draw the shear dia- 
gram. Close to the end A of the beam, the shear is equal to Ra, that is, to 
wL/2, as we can check by considering a very small portion of the beam as 
a free body. Using formula (7.2), we can then determine the shear V at any 
distance x from A. We write 


V-VW= -| wdx = —wx 
0 
wh L 
V=Va- ux = wx = w x 


The shear curve is thus an oblique straight line which crosses the x axis at 
x = L/2 (Fig. 7.12c). Considering, now, the bending moment, we first 
observe that M, = 0. The value M of the bending moment at any distance 
x from A can then be obtained from formula (7.4); we have 


mM -M,=| Vdx 


0 


ase 
u=| u( «) de = 2x x”) 


The bending-moment curve is a parabola. The maximum value of the bend- 
ing moment occurs when x = L/2, since V (and thus dM/dx) is zero for that 
value of x. Substituting x = L/2 in the last equation, we obtain M,,. = 
wL7/8. & 


In most engineering applications, the value of the bending 
moment needs to be known only at a few specific points. Once the 
shear diagram has been drawn, and after M has been determined at 
one of the ends of the beam, the value of the bending moment can 
then be obtained at any given point by computing the area under 
the shear curve and using formula (7.4’). For instance, since M, = 0 
for the beam of Fig. 7.12, the maximum value of the bending moment 
for that beam can be obtained simply by measuring the area of the 
shaded triangle in the shear diagram: 


M via = 5 O° or > 


In this example, the load curve is a horizontal straight line, the 
shear curve is an oblique straight line, and the bending-moment curve 
is a parabola. If the load curve had been an oblique straight line (first 
degree), the shear curve would have been a parabola (second degree), 
and the bending-moment curve would have been a cubic (third degree). 
The shear and bending-moment curves will always be, respectively, one 
and two degrees higher than the load curve. Thus, once a few values 
of the shear and bending moment have been computed, we should be 
able to sketch the shear and bending-moment diagrams without actu- 
ally determining the functions V(x) and M(x). The sketches obtained 
will be more accurate if we make use of the fact that at any point where 
the curves are continuous, the slope of the shear curve is equal to —w 
and the slope of the bending-moment curve is equal to V. 


7.6 Relations among Load, Shear, 
and Bending Moment 


A B 
. L s 
w (a) 
A B 
(b) 
wl v 
— 
L 
L x 
9 | 
| 
(c) | wh 
2 
5 |M 
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Fig. 7.12 
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SAMPLE PROBLEM 7.4 


Draw the shear and bending-moment diagrams for the beam and loading 
shown. 


SOLUTION 


Free-Body: Entire Beam. Considering the entire beam as a free body, we 
determine the reactions: 


+2 M, = 0: 
D(24 ft) — (20 kips)(6 ft) — (12 kips)(14 ft) — (12 kips)(28 ft) = 0 
D = +26 kips D = 26 kips 7 
seipeit, = ile A, — 20 kips — 12 kips + 26 kips — 12 kips = 0 
7p allio: cok A, = 18 kips ft 
+5F,=0: A,=0 A, =0 


We also note that at both A and E the bending moment is zero; thus two 
points (indicated by small circles) are obtained on the bending-moment 
diagram. 


Shear Diagram. Since dV/dx = —w, we find that between concentrated 
loads and reactions the slope of the shear diagram is zero (i.e., the shear is 
constant). The shear at any point is determined by dividing the beam into two 
parts and considering either part as a free body. For example, using the por- 
tion of beam to the left of section 1, we obtain the shear between B and C: 


ope, = +18 kips — 20 kips - V = 0 V = —2 kips 


We also find that the shear is +12 kips just to the right of D and zero at 
end E. Since the slope dV/dx = —w is constant between D and E, the shear 
diagram between these two points is a straight line. 


Bending-Moment Diagram. We recall that the area under the shear curve 
between two points is equal to the change in bending moment between the 
same two points. For convenience, the area of each portion of the shear 
diagram is computed and is indicated on the diagram. Since the bending 
moment M, at the left end is known to be zero, we write 


Mz — My = +108 Mz = +108 kip - ft 
Mp a Mc = —140 Mp = — 48 kip - ft 


Since Mz is known to be zero, a check of the computations is obtained. 

Between the concentrated loads and reactions the shear is constant; 
thus the slope dM/dx is constant, and the bending-moment diagram is drawn 
by connecting the known points with straight lines. Between D and E, where 
the shear diagram is an oblique straight line, the bending-moment diagram 
is a parabola. 

From the V and M diagrams we note that Vj... = 18 kips and 
Mynx = 108 kip = ft. 


20 kN/m SAMPLE PROBLEM 7.5 


= Draw the shear and bending-moment diagrams for the beam and loading 
shown and determine the location and magnitude of the maximum bending 
a 3m—> moment. 


< 6m 


SOLUTION 


20 kN/ : 
islaleeisialal Free-Body: Entire Beam. Considering the entire beam as a free body, we 
A C obtain the reactions 
B 
80 kN 40 kN R, = 80 kN 7 Rc = 40 kN 7 


Shear Diagram. The shear just to the right of A is Vy = +80 kN. Since 
the change in shear between two points is equal to minus the area under 
the load curve between the same two points, we obtain Vz by writing 


Vga — V4 = —(20 kN/m)(6 m) = —120 kN 
Vg = —120 + Vs = —120 + 80 = —40 kN 


Since the slope dV/dx = —w is constant between A and B, the shear dia- 
gram between these two points is represented by a straight line. Between 
B and C, the area under the load curve is zero; therefore, 


M 120 kN-m 
i | Vo — Vz = 0 Ve= V_ = —40 kN 


ie and the shear is constant between B and C. 


Bending-Moment Diagram. We note that the bending moment at each 
end of the beam is zero. In order to determine the maximum bending 
moment, we locate the section D of the beam where V = 0. We write 


Vin = Wa = be 
0 — 80 kN = —(20 kN/m)x 


and, solving for x: x=4m <4 

The maximum bending moment occurs at point D, where we have 
dM/dx = V = 0. The areas of the various portions of the shear diagram are 
computed and are given (in parentheses) on the diagram. Since the area of 
the shear diagram between two points is equal to the change in bending 
moment between the same two points, we write 


Mp — My, = +160 kN-m Mp = +160 kN-m 
Mg — Mp = — 40kN-m Mz = +120 kN-m 
Mc — Mg = —120kN-m Mc = 0 


The bending-moment diagram consists of an arc of parabola followed by a 
segment of straight line; the slope of the parabola at A is equal to the value 
of V at that point. 
The maximum bending moment is 
Mie — Ma — 160) kN 
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SAMPLE PROBLEM 7.6 


Sketch the shear and bending-moment diagrams for the cantilever beam 
shown. 


SOLUTION 


Shear Diagram. At the free end of the beam, we find V, = 0. Between 
A and B, the area under the load curve is $wpa; we find Vz by writing 


i 1 
Vzg — Va = —zWod Vz = —7Wod 


Between B and C, the beam is not loaded; thus V- = Vz. At A, we have 
w = Wo, and, according to Eq. (7.1), the slope of the shear curve is dV/dx = 
—wo, while at B the slope is dV/dx = 0. Between A and B, the loading 
decreases linearly, and the shear diagram is parabolic. Between B and C, 
w = 0, and the shear diagram is a horizontal line. 


Bending-Moment Diagram. We note that M, = 0 at the free end of the 
beam. We compute the area under the shear curve and write 


Mz — Mg = —3w0a" Mz = —fwoa" 
Me on Mz, —Swoa(L = a) 
Mc = —Fwya(3L —=))\ 


The sketch of the bending-moment diagram is completed by recalling that 
dM/dx = V. We find that between A and B the diagram is represented by 
a cubic curve with zero slope at A, and between B and C the diagram is 
represented by a straight line. 


SAMPLE PROBLEM 7.7 


The simple beam AC is loaded by a couple of magnitude T applied at point B. 
Draw the shear and bending-moment diagrams for the beam. 


SOLUTION 


Free Body: Entire Beam. The entire beam is taken as a free body, and we 
obtain 


Shear and Bending-Moment Diagrams. The shear at any section is con- 
stant and equal to T/L. Since a couple is applied at B, the bending-moment 
diagram is discontinuous at B; the bending moment decreases suddenly by 
an amount equal to T. 


SOLVING PROBLEMS 
JN TOUR OWN 
ik this lesson you learned how to use the relations existing among load, shear, 


and bending moment to simplify the drawing of the shear and bending-moment 
diagrams. These relations are 


= —w 71 
cA w (7.1) 
dM 
MES 7.3 
i Vv (7.3) 
Vp — Vc = —(area under load curve between C and D) (7.2’) 
Mp — Mc = (area under shear curve between C and D) (7.4’) 


Taking into account these relations, you can use the following procedure to draw 
the shear and bending-moment diagrams for a beam. 


1. Draw a free-body diagram of the entire beam, and use it to determine the 
reactions at the beam supports. 


2. Draw the shear diagram. This can be done as in the preceding lesson by 
cutting the beam at various points and considering the free-body diagram of one 
of the two portions of the beam that you have obtained [Sample Prob. 7.3]. You 
can, however, consider one of the following alternative procedures. 

a. The shear V at any point of the beam is the sum of the reactions and 
loads to the left of that point; an upward force is counted as positive, and a 
downward force is counted as negative. 

b. For a beam carrying a distributed load, you can start from a point where 
you know V and use Eq. (7.2’) repeatedly to find V at all the other points of 
interest. 


3. Draw the bending-moment diagram, using the following procedure. 

a. Compute the area under each portion of the shear curve, assigning a 
positive sign to areas located above the x axis and a negative sign to areas located 
below the x axis. 

b. Apply Eq. (7.4’) repeatedly [Sample Probs. 7.4 and 7.5], starting from the 
left end of the beam, where M = 0 (except if a couple is applied at that end, or 
if the beam is a cantilever beam with a fixed left end). 

c. Where a couple is applied to the beam, be careful to show a disconti- 
nuity in the bending-moment diagram by increasing the value of M at that point 
by an amount equal to the magnitude of the couple if the couple is clockwise, 
or decreasing the value of M by that amount if the couple is counterclockwise 
[Sample Prob. 7.7]. 


(continued) 
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4. Determine the location and magnitude of |M|max- The maximum absolute 
value of the bending moment occurs at one of the points where dM/dx = 0, that 
is, according to Eq. (7.3), at a point where V is equal to zero or changes sign. You 
should, therefore: 

a. Determine from the shear diagram the value of |M| where V changes 
sign; this will occur under the concentrated loads [Sample Prob. 7.4]. 

b. Determine the points where V = O and the corresponding values of 
|M|; this will occur under a distributed load. To find the distance x between point 
C, where the distributed load starts, and point D, where the shear is zero, use 
Eq. (7.2'); for Vc use the known value of the shear at point C, for Vp use zero, 
and express the area under the load curve as a function of x [Sample Prob. 7.5]. 


5. You can improve the quality of your drawings by keeping in mind that at 
any given point, according to Eqs. (7.1) and (7.3), the slope of the V curve is equal 
to —w and the slope of the M curve is equal to V. 


6. Finally, for beams supporting a distributed load expressed as a function 
w(x), remember that the shear V can be obtained by integrating the function 
—w(x), and the bending moment M can be obtained by integrating V(x) [Eqs. (7.3) 
and (7.4) ]. 


PROBLEMS 


7.63 Using the method of Sec. 7.6, solve Prob. 7.29. 2kN/m 

7.64 Using the method of Sec. 7.6, solve Prob. 7.30. 

7.65 Using the method of Sec. 7.6, solve Prob. 7.31. a B ~ 
7.66 Using the method of Sec. 7.6, solve Prob. 7.32. uxt 

7.67 Using the method of Sec. 7.6, solve Prob. 7.33. 3.2m - : 


7.68 Using the method of Sec. 7.6, solve Prob. 7.34. Fig. P7.69 


7.69 and 7.70 For the beam and loading shown, (a) draw the shear 
and bending-moment diagrams, (b) determine the maximum abso- 500N 500 N 2400 N/m 
lute values of the shear and bending moment. 


7.71 Using the method of Sec. 7.6, solve Prob. 7.39. D 


7.72 Using the method of Sec. 7.6, solve Prob. 7.40. 
+ I<-0.4 m a 
7.73 Using the method of Sec. 7.6, solve Prob. 7.41. 


7.74 Using the method of Sec. 7.6, solve Prob. 7.42. nig-.F 770 


7.75 and 7.76 For the beam and loading shown, (a) draw the shear 
and bending-moment diagrams, (b) determine the maximum abso- 
lute values of the shear and bending moment. 


2 kips 4 kips 2kips 3kips 4 kips 


4 i r | ee | ‘| | eee 
Cx Lek set™ Cr { ae iE, =) 


ls 6 ft 
Fig. P7.75 Fig. P7.76 
7.77 and 7.78 For the beam and loading shown, (a) draw the shear 1 kip/ft 


and bending-moment diagrams, (b) determine the magnitude and 27 kip- ft 
location of the maximum bending moment. 


A Cc 
8kN/m 20 kN/m z } q 
ft 


I< 18 ft >| 
4.5, 
Cc Cc D 


= = A me Fig. P7.79 
| i | 1500 lb/ft 
|. 2 |. 2m 

0.8 m 1.25:m 05m r 

Fig. P7.77 Fig. P7.78 A C 
7.79 and 7.80 For the beam and loading shown, (a) draw the shear ele 6000 Ib 
: é : : <—4 ft 6 ft 
and bending-moment diagrams, (b) determine the magnitude and 
location of the maximum absolute value of the bending moment. _ Fig. P7.80 
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300 lb/ft 


Ww 


Wo 


w& 


- L | 


Fig. P7.85 


Fig. P7.86 


w 4wo 
w= (x x -x3) 
wo L? 
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Fig. P7.88 


4 Lo 
° 
~ 

4: 
B 

qQ 

<fe 

iw) 

| <gfes 

is] 


03m 03m 03m 03m! 


Fig. P7.89 


7.81 


7.82 


7.83 


7.84 


7.85 


7.87 


7.88 


7.89 


7.90 


(a) Draw the shear and bending-moment diagrams for beam AB, 
(b) determine the magnitude and location of the maximum abso- 
lute value of the bending moment. 


Solve Prob. 7.81 assuming that the 300-lb force applied at D is 
directed upward. 


For the beam and loading shown, (a) draw the shear and bending- 


moment diagrams, (b) determine the magnitude and location of 
the maximum absolute value of the bending moment. 


25 kN/m 


- 4m - 


Fig. P7.83 


Solve Prob. 7.83 assuming that the 20-kN - m couple applied at B 
is counterclockwise. 


and 7.86 For the beam and loading shown, (a) write the equa- 
tions of the shear and bending-moment curves, (b) determine the 
magnitude and location of the maximum bending moment. 


For the beam and loading shown, (a) write the equations of the 
shear and bending-moment curves, (b) determine the magnitude 
and location of the maximum bending moment. 


WwW =tw cos =* 
= #9 08 57 


Ix L 
Fig. P7.87 


The beam AB, which lies on the ground, supports the parabolic load 
shown. Assuming the upward reaction of the ground to be uniformly 
distributed, (a) write the equations of the shear and bending-moment 
curves, (b) determine the maximum bending moment. 


The beam AB is subjected to the uniformly distributed load shown 
and to two unknown forces P and Q. Knowing that it has been 
experimentally determined that the bending moment is +800 N - 
m at D and +1300 N - mat E, (a) determine P and Q, (b) draw the 
shear and bending-moment diagrams for the beam. 


Solve Prob. 7.89 assuming that the bending moment was found to 
be +650 N - m at D and +1450 N - mat E. 


*7.91 The beam AB is subjected to the uniformly distributed load shown 
and to two unknown forces P and Q. Knowing that it has been 
experimentally determined that the bending moment is +6.10 kip - ft 
at D and +5.50 kip - ft at E, (a) determine P and Q, (b) draw the 
shear and bending-moment diagrams for the beam. 


*7.92 Solve Prob. 7.91 assuming that the bending moment was found to 
be +5.96 kip - ft at D and +6.84 kip - ft at E. 


*7.7_ CABLES WITH CONCENTRATED LOADS 


Cables are used in many engineering applications, such as suspension 
bridges, transmission lines, aerial tramways, guy wires for high towers, etc. 
Cables may be divided into two categories, according to their loading: 
(1) cables supporting concentrated loads, (2) cables supporting distrib- 
uted loads. In this section, cables of the first category are examined. 
Consider a cable attached to two fixed points A and B and sup- 
porting n vertical concentrated loads P,, Ps, ..., P,, (Fig. 7.13a). We 
assume that the cable is flexible, i.e., that its resistance to bending is 
small and can be neglected. We further assume that the weight of the 
cable is negligible compared with the loads supported by the cable. 
Any portion of cable between successive loads can therefore be con- 
sidered as a two-force member, and the internal forces at any point 
in the cable reduce to a force of tension directed along the cable. 
We assume that each of the loads lies in a given vertical line, ice., 
that the horizontal distance from support A to each of the loads is 
known; we also assume that the horizontal and vertical distances 
between the supports are known. We propose to determine the shape of 
the cable, i.e., the vertical distance from support A to each of the points 
Cj, Cy, ..., C,, and also the tension T in each portion of the cable. 


Fig. 7.13 


We first draw the free-body diagram of the entire cable (Fig. 7.13)). 
Since the slope of the portions of cable attached at A and B is not known, 
the reactions at A and B must be represented by two components each. 
Thus, four unknowns are involved, and the three equations of equilib- 
rium are not sufficient to determine the reactions at A and B.t We must 


tClearly, the cable is not a rigid body; the equilibrium equations represent, therefore, 
necessary but not sufficient conditions (see Sec. 6.11). 


7.7 Cables with Concentrated Loads 383 
250 lb/ft 
A e e B 
Aft >| 
Sk 2 ft : 2 ft el 
Fig. P7.91 


Photo 7.3 Since the weight of the cable of 
the chairlift shown is negligible compared to the 
weights of the chairs and skiers, the methods of 
this section can be used to determine the force 
at any point in the cable. 
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(a) (b) 
Fig. 7.13 (repeated) 


therefore obtain an additional equation by considering the equilibrium 
of a portion of the cable. This is possible if we know the coordinates 
x and y of a point D of the cable. Drawing the free-body diagram of 
the portion of cable AD (Fig. 7.14a) and writing Mp = 0, we obtain 
an additional relation between the scalar components A, and Ay and 
can determine the reactions at A and B. The problem would pened 
indeterminate, however, if we did not know the coordinates of D, 
unless some other relation between A, and A, (or between B, and B,) 
were given. The cable might hang in any of various possible ways, as 
indicated by the dashed lines in Fig. 7.13b. 

Once A, and A, have been determined, the vertical distance 
from A to any point of the cable can easily be found. Considering 
point Cy, for example, we draw the free-body diagram of the portion 
of cable AC, (Fig. 7.14b). Writing 2Mc, = 0, we obtain an equation 
which can be solved for ys. Writing =F, = 0 and =F, = 0, we obtain 
the components of the force T representing the ienson in the por- 
tion of cable to the right of C2. We observe that T cos 6 = —A,; the 
horizontal component of the tension force is the same at any point 
of the cable. It follows that the tension T is maximum when cos 6 is 
minimum, ie., in the portion of cable which has the largest angle of 
inclination 6. Clearly, this portion of cable must be adjacent to one 
of the two supports of the cable. 


*7.8 CABLES WITH DISTRIBUTED LOADS 


Consider a cable attached to two fixed points A and B and carrying 
a distributed load (Fig. 7.15a). We saw in the preceding section that 
for a cable supporting concentrated loads, the internal force at any 
point is a force of tension directed along the cable. In the case of a 
cable carrying a distributed load, the cable hangs in the shape of a 
curve, and the internal force at a point D is a force of tension T 
directed along the tangent to the curve. In this section, you will learn 
to determine the tension at any point of a cable supporting a given 
distributed load. In the following sections, the shape of the cable will 
be determined for two particular types of distributed loads. 
Considering the most general case of distributed load, we draw 
the free-body diagram of the portion of cable extending from the 
lowest point C to a given point D of the cable (Fig. 7.15b). The 


(a) (b) (c) 
Fig. 7.15 


forces acting on the free body are the tension force Ty at C, which 
is horizontal, the tension force T at D, directed along the tangent to 
the cable at D, and the resultant W of the distributed load supported 
by the portion of cable CD. Drawing the corresponding force trian- 
gle (Fig. 7.15c), we obtain the following relations: 


T cos 6 = To T sin 0 = W (7.5) 
WwW 

T= View Co) (7.6) 
0 


From the relations (7.5), it appears that the horizontal component 
of the tension force T is the same at any point and that the vertical 
component of T is equal to the magnitude W of the load measured 
from the lowest point. Relations (7.6) show that the tension T is 
minimum at the lowest point and maximum at one of the two points 
of support. 


*7.9 PARABOLIC CABLE 


Let us assume, now, that the cable AB carries a load uniformly dis- 
tributed along the horizontal (Fig. 7.16a). Cables of suspension 
bridges may be assumed loaded in this way, since the weight of the 
cables is small compared with the weight of the roadway. We denote 
by w the load per unit length (measured horizontally) and express it 
in N/m or in lb/ft. Choosing coordinate axes with origin at the lowest 
point C of the cable, we find that the magnitude W of the total load 
carried by the portion of cable extending from C to the point D of 
coordinates x and y is W = wx. The relations (7.6) defining the 
magnitude and direction of the tension force at D become 


T=VT+ wx tan @ = a (7.7) 
0 


Moreover, the distance from D to the line of action of the resultant 
W is equal to half the horizontal distance from C to D (Fig. 7.16b). 
Summing moments about D, we write 


+) XMp = 0: wes — Toy = 0 


7.9 Parabolic Cable 


Dixy) 


Fig. 7.16 
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rr 


and, solving for y, 


2 
Wx 


= QT, (7.8) 


This is the equation of a parabola with a vertical axis and its vertex 
at the origin of coordinates. The curve formed by cables loaded uni- 
formly along the horizontal is thus a parabola. t 

When the supports A and B of the cable have the same eleva- 
tion, the distance L between the supports is called the span of the 
cable and the vertical distance h from the supports to the lowest 
point is called the sag of the cable (Fig. 7.17a). If the span and sag 
of a cable are known, and if the load w per unit horizontal length is 
given, the minimum tension Ty may be found by substituting « = 
L/2 and y = h in Eq. (7.8). Equations (7.7) will then yield the ten- 
sion and the slope at any point of the cable and Eq. (7.8) will define 
the shape of the cable. 

When the supports have different elevations, the position of the 
lowest point of the cable is not known and the coordinates x4, y4 and 
Xz, yg Of the supports must be determined. To this effect, we express 
that the coordinates of A and B satisfy Eq. (7.8) and that xg — x, = L 
and yg — ys = d, where L and d denote, respectively, the horizontal 
and vertical distances between the two supports (Fig. 7.17b and c). 

The length of the cable from its lowest point C to its support 
B can be obtained from the formula 


Xp dy 2 
Sp= | 1+ (<4) dx (7.9) 
0 % 


Differentiating (7.8), we obtain the derivative dy/dx = wx/To; sub- 
stituting into (7.9) and using the binomial theorem to expand the 
radical in an infinite series, we have 


Xp wx? Xp we age 
Sp = + —-dt = eee Se ea 
A To 0 2To 8T 


wns wrk 
sp = xgh1 + —$-—F 4+ 
673  40T3 


: 2 
and, since wxg/2T) = yz, 


ere CL 
sp =] T (2) (2) ci | (7.10) 


The series converges for values of the ratio yg/xg less than 0.5; in 
most cases, this ratio is much smaller, and only the first two terms 
of the series need be computed. 


+Cables hanging under their own weight are not loaded uniformly along the horizontal, 

and they do not form a parabola. The error introduced by assuming a parabolic shape for 
cables hanging under their weight, however, is small when the cable is sufficiently taut. A 
complete discussion of cables hanging under their own weight is given in the next section. 


E SAMPLE PROBLEM 7.8 


20 ft The cable AE supports three vertical loads from the points indicated. If 
| point C is 5 ft below the left support, determine (a) the elevation of points 
B and D, (b) the maximum slope and the maximum tension in the cable. 


[ 6 kips Ie a 
20 ft >| 10 ft Leis ft>\<15 ft 


SOLUTION 


Reactions at Supports. The reaction components A, and A, are deter- 
mined as follows: 


Free Body: Entire Cable 


A,(20 ft) — A,(60 ft) + (6 kips)(40 ft) + (12 kips)(30 ft) + (4 kips)(15 ft) = 0 
20A, — 60A, + 660 = 0 


Free Body: ABC 


+) 3Mc = 0:  —A,(5 ft) — A,(30 ft) + (6 kips)(10 ft) = 0 
5A, — 30A, + 60 = 0 


Solving the two equations simultaneously, we obtain 


A, = —18 kips A, = 18 kips — 


A = he) Kips A, = 5 kips T 


a. Elevation of Points B and D. 
Free Body: AB Considering the portion of cable AB as a free body, 
we write 


+" 3M; = 0: (18 kips)yg — (5 kips)(20 ft) = 0 
yp = 5.56 ftbelowA “<4 


Free Body: ABCD Using the portion of cable ABCD as a free body, 


we write 
ar =Mp = 0: 
—(18 kips)yp — (5 kips)(45 ft) + (6 kips)(25 ft) + (12 kips)(15 ft) = 0 
E, =18 kips Yp = 5.83 ft above A <4 


14.17 ft 


Bate b. Maximum Slope and Maximum Tension. We observe that the maxi- 
18 kips 5.83 ft : : : é 
P F mum slope occurs in portion DE. Since the horizontal component of the 
tension is constant and equal to 18 kips, we write 
iaps 14.17 
tan 0 = 0 = 43.4° 
oS Sih xX: 
18 kips 
fe eee Tm = 24.8 kips 
cos 6 
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W = 147.2N 


SAMPLE PROBLEM 7.9 


A light cable is attached to a support at A, passes over a small pulley at B, 
and supports a load P. Knowing that the sag of the cable is 0.5 m and that 
the mass per unit length of the cable is 0.75 kg/m, determine (a) the mag- 
nitude of the load P, (b) the slope of the cable at B, (c) the total length of 
the cable from A to B. Since the ratio of the sag to the span is small, assume 
the cable to be parabolic. Also, neglect the weight of the portion of cable 
from B to D. 


SOLUTION 


a. Load P. We denote by C the lowest point of the cable and draw the 
free-body diagram of the portion CB of cable. Assuming the load to be 
uniformly distributed along the horizontal, we write 


w = (0.75 kg/m)(9.81 m/s’) = 7.36 N/m 
The total load for the portion CB of cable is 
W = wxg = (7.36 N/m)(20 m) = 147.2 N 


and is applied halfway between C and B. Summing moments about B, we 
write 


+) XM, = 0: (147.2 N)(10 m) — T)(0.5 m) = 0 Ty = 2944 N 


From the force triangle we obtain 


Ty = ViR+ W? 


= (2944 N)2 + (147.2 N)2 = 2948N 


Since the tension on each side of the pulley is the same, we find 


P=T, =2948N < 


b. Slope of Cable at B. We also obtain from the force triangle 


W  147.2N 
T)  2944N 


tan 9 = 0.05 


g6=29° < 


Co Length of Cable. Applying Eq. (7.10) between C and B, we write 


ab | (4) : | 
Sy) =" 893 T 3 Xp T 


2/0.5m\ 
= (20 m)| 14 +» | = 90,00833 m 


3\ 20 m 
The total length of the cable between A and B is twice this value, 
Length = 2s, = 40.0167 m <4 


SOLVING PROBLEMS 
UN TOUR OWN 


cL the problems of this section you will apply the equations of equilibrium to 
cables that lie in a vertical plane. We assume that a cable cannot resist bending, 
so that the force of tension in the cable is always directed along the cable. 


A. In the first part of this lesson we considered cables subjected to concen- 
trated loads. Since the weight of the cable is neglected, the cable is straight 
between loads. 


Your solution will consist of the following steps: 


1. Draw a free-body diagram of the entire cable showing the loads and the 
horizontal and vertical components of the reaction at each support. Use this free- 
body diagram to write the corresponding equilibrium equations. 


2. You will be confronted with four unknown components and only three 
equations of equilibrium (see Fig. 7.13). You must therefore find an additional 
piece of information, such as the position of a point on the cable or the slope of 
the cable at a given point. 


3. After you have identified the point of the cable where the additional 
information exists, cut the cable at that point, and draw a free-body diagram of 
one of the two portions of the cable you have obtained. 

a. If you know the position of the point where you have cut the cable, writing 
=M = 0 about that point for the new free body will yield the additional equation 
required to solve for the four unknown components of the reactions. [Sample 
Prob. 7.8]. 

b. If you know the slope of the portion of the cable you have cut, writing 
=F, = 0 and =F, = 0 for the new free body will yield two equilibrium equations 
which, together with the original three, can be solved for the four reaction com- 
ponents and for the tension in the cable where it has been cut. 


4. To find the elevation of a given point of the cable and the slope and 
tension at that point once the reactions at the supports have been found, you 
should cut the cable at that point and draw a free-body diagram of one of the two 
portions of the cable you have obtained. Writing 2M = 0 about the given point 
yields its elevation. Writing =F, = 0 and =F, = 0 yields the components of the 
tension force, from which its magnitude and direction can easily be found. 


(continued) 
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5. For a cable supporting vertical loads only, you will observe that the hori- 
zontal component of the tension force is the same at any point. It follows that, for 
such a cable, the maximum tension occurs in the steepest portion of the cable. 


B. In the second portion of this lesson we considered cables carrying a load 
uniformly distributed along the horizontal. The shape of the cable is then 
parabolic. 


Your solution will use one or more of the following concepts: 


1. Placing the origin of coordinates at the lowest point of the cable and 
directing the x and y axes to the right and upward, respectively, we find that the 
equation of the parabola is 


wx 
y = 


= — 7.8 
2To 8) 
The minimum cable tension occurs at the origin, where the cable is horizontal, 

and the maximum tension is at the support where the slope is maximum. 


2. If the supports of the cable have the same elevation, the sag h of the cable 
is the vertical distance from the lowest point of the cable to the horizontal line 
joining the supports. To solve a problem involving such a parabolic cable, you 
should write Eq. (7.8) for one of the supports; this equation can be solved for one 
unknown. 


3. If the supports of the cable have different elevations, you will have to write 
Eq. (7.8) for each of the supports (see Fig. 7.17). 


4. To find the length of the cable from the lowest point to one of the supports, 
you can use Eq. (7.10). In most cases, you will need to compute only the first two 
terms of the series. 


PROBLEMS 


7.93 Two loads are suspended as shown from the cable ABCD. Knowing 
that hg = 1.8 m, determine (a) the distance hc, (b) the components 
of the reaction at D, (c) the maximum tension in the cable. 


bea ie ie i ‘l 


do 


10kN + 


Fig. P7.93 and P7.94 


7.94 Knowing that the maximum tension in cable ABCD is 15 kN, aonb 


determine (a) the distance hg, (b) the distance he. 300 Ib 
Fig. P7.95 and P7.96 


200 Ib 


7.95 If dc = 8 ft, determine (a) the reaction at A, (b) the reaction at E. 


7.96 If dc = 4.5 ft, determine (a) the reaction at A, (b) the reaction 2m 2m 
at E. Peli eal ia 


7.97 Knowing that dg = 3 m, determine (a) the distances dg and dp, 
(b) the reaction at E. 


Q 
& 
—| 
—| 
3 


4 


7.98 Determine (a) distance dg for which portion DE of the cable is 5 kN 
horizontal, (b) the corresponding reactions at A and E. 
10 kN 


7.99 If dc = 15 ft, determine (a) the distances dg and dp, (b) the maxi- Fig. P7.97 and P7.98 


mum tension in the cable. 


2 kips 
2 kips 
Fig. P7.99 and P7.100 


2 kips 


7.100 Determine (a) the distance dc for which portion BC of the cable is 
horizontal, (b) the corresponding components of the reaction at E. 
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40 lb 
Fig. P7.101 and P7.102 


Fig. P7.108 


7.101 


7.102 


7.103 


7.104 


7.105 


Cable ABC supports two loads as shown. Knowing that b = 4 ft, 
determine (a) the required magnitude of the horizontal force P, 
(b) the corresponding distance a. 


Cable ABC supports two loads as shown. Determine the distances 
a and b when a horizontal force P of magnitude 60 lb is applied 
at A. 


Knowing that mg = 70 kg and mg = 25 kg, determine the mag- 
nitude of the force P required to maintain equilibrium. 


c 4m—>|k 6m | 4m | 


Fig. P7.103 and P7.104 


Knowing that mg = 18 kg and me = 10 kg, determine the mag- 
nitude of the force P required to maintain equilibrium. 


If a = 3 m, determine the magnitudes of P and Q required to 
maintain the cable in the shape shown. 


a 


<4 m+>|<-4 m>| 


l<_-4 m >| 


120 kN 
Fig. P7.105 and P7.106 


If a = 4 m, determine the magnitudes of P and Q required to 
maintain the cable in the shape shown. 


A wire having a mass per unit length of 0.65 kg/m is suspended 
from two supports at the same elevation that are 120 m apart. 
If the sag is 30 m, determine (a) the total length of the wire, (b) the 
maximum tension in the wire. 


Two cables of the same gauge are attached to a transmission tower 
at B. Since the tower is slender, the horizontal component of the 
resultant of the forces exerted by the cables at B is to be zero. 
Knowing that the mass per unit length of the cables is 0.4 kg/m, 
determine (a) the required sag h, (b) the maximum tension in each 
cable. 


7.109 


7.110 


7.117 


7.112 


7.113 


7.114 


7.115 


Each cable of the Golden Gate Bridge supports a load w = 
11.1 kips/ft along the horizontal. Knowing that the span L is 
4150 ft and that the sag h is 464 ft, determine (a) the maximum 
tension in each cable, (b) the length of each cable. 


The center span of the George Washington Bridge, as originally 
constructed, consisted of a uniform roadway suspended from 
four cables. The uniform load supported by each cable was w = 
9.75 kips/ft along the horizontal. Knowing that the span L is 3500 ft 
and that the sag h is 316 ft, determine for the original configura- 
tion (a) the maximum tension in each cable, (b) the length of each 
cable. 


The total mass of cable AC is 25 kg. Assuming that the mass of 
the cable is distributed uniformly along the horizontal, determine 
the sag h and the slope of the cable at A and C. 


A 50.5-m length of wire having a mass per unit length of 0.75 kg/m 
is used to span a horizontal distance of 50 m. Determine (a) the 
approximate sag of the wire, (b) the maximum tension in the wire. 
[Hint: Use only the first two terms of Eq. (7.10).] 


A cable of length L + A is suspended between two points that are 
at the same elevation and a distance L apart. (a) Assuming that A 
is small compared to L and that the cable is parabolic, determine 
the approximate sag in terms of L and A. (b) If L = 100 ft and 
A = 4 ft, determine the approximate sag. [Hint: Use only the first 
two terms of Eq. (7.10).] 


The center span of the Verrazano-Narrows Bridge consists of two 
uniform roadways suspended from four cables. The design of the 
bridge allows for the effect of extreme temperature changes that 
cause the sag of the center span to vary from h,, = 386 ft in winter 
to h, = 394 ft in summer. Knowing that the span is L = 4260 ft, 
determine the change in length of the cables due to extreme tem- 
perature changes. 


Each cable of the side spans of the Golden Gate Bridge supports 
a load w = 10.2 kips/ft along the horizontal. Knowing that for the 
side spans the maximum vertical distance h from each cable to the 
chord AB is 30 ft and occurs at midspan, determine (a) the maxi- 
mum tension in each cable, (b) the slope at B. 


Kk 1100 ft " 
B 
| h =30 ft 
496 ft 
L C 
A 
10.2 kips/ft 


Fig. P7.115 


7 


2.5 m—| 


Fig. P7.111 
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Fig. P7.119 


7.116 


7.117 


7.118 


*7.119 


7.120 


A steam pipe weighing 45 lb/ft that passes between two buildings 
40 ft apart is supported by a system of cables as shown. Assuming 
that the weight of the cable system is equivalent to a uniformly 
distributed loading of 5 lb/ft, determine (a) the location of the 
lowest point C of the cable, (b) the maximum tension in the 
cable. 


Fig. P7.116 


Cable AB supports a load uniformly distributed along the horizon- 
tal as shown. Knowing that at B the cable forms an angle 03 = 35° 
with the horizontal, determine (a) the maximum tension in the 
cable, (b) the vertical distance a from A to the lowest point of 
the cable. 


I< 12m ‘| 
B 


45 kg/m 
Fig. P7.117 and P7.118 


Cable AB supports a load uniformly distributed along the horizon- 
tal as shown. Knowing that the lowest point of the cable is located 
at a distance a = 0.6 m below A, determine (a) the maximum 
tension in the cable, (b) the angle 03 that the cable forms with the 
horizontal at B. 


A cable AB of span L and a simple beam A’B’ of the same span 
are subjected to identical vertical loadings as shown. Show that the 
magnitude of the bending moment at a point C’ in the beam is 
equal to the product Toh, where Tp is the magnitude of the hori- 
zontal component of the tension force in the cable and h is the 
vertical distance between point C and the chord joining the points 
of support A and B. 


through 7.123 Making use of the property established in Prob. 
7.119, solve the problem indicated by first solving the corresponding 
beam problem. 

7.120 Prob. 7.94a. 

7.121 Prob. 7.97a. 

7.122 Prob. 7.99a. 

7.123 Prob. 7.100a. 


*7.124 Show that the curve assumed by a cable that carries a distributed 
load w(x) is defined by the differential equation d’yldx = w(x)/Tpo, 
where Ty is the tension at the lowest point. 


*7.125 Using the property indicated in Prob. 7.124, determine the curve 
assumed by a cable of span L and sag h carrying a distributed load 
w = wo cos (7x/L), where x is measured from mid-span. Also 
determine the maximum and minimum values of the tension in 
the cable. 


*7.126 If the weight per unit length of the cable AB is wy/cos” 0, prove 
that the curve formed by the cable is a circular arc. (Hint: Use the 
property indicated in Prob. 7.124.) 


*7.10 CATENARY 


Let us now consider a cable AB carrying a load uniformly distrib- 
uted along the cable itself (Fig. 7.18a). Cables hanging under their 
own weight are loaded in this way. We denote by w the load per 
unit length (measured along the cable) and express it in N/m or in 
lb/ft. The magnitude W of the total load carried by a portion of 
cable of length s extending from the lowest point C to a point D is 
W = ws. Substituting this value for W in formula (7.6), we obtain 
the tension at D: 


T= VT + w’s® 


Fig. 7.18 


In order to simplify the subsequent computations, we introduce the 
constant c = T,)/w. We thus write 


To = we W =ws T=wVct+s (7.11) 


The free-body diagram of the portion of cable CD is shown in 
Fig. 7.18b. This diagram, however, cannot be used to obtain directly 
the equation of the curve assumed by the cable, since we do not 
know the horizontal distance from D to the line of action of the 
resultant W of the load. To obtain this equation, we first write that 
the horizontal projection of a small element of cable of length ds is 
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Fig. P7.126 


Photo 7.4 The forces on the supports and the 
internal forces in the cables of the power line 
shown are discussed in this section. 


396 Forces in Beams and Cables dx = ds cos @. Observing from Fig. 7.18c that cos 6 = T)/T and 
using (7.11), we write 


ve 1c ds ds 
dx = ds cos 9 = ds = we ° == * 
T wVe +s V1 sc? 


Selecting the origin O of the coordinates at a distance c directly 
below C (Fig. 7.18a) and integrating from C(0, c) to D(x, y), we 
obtaint 


This equation, which relates the length s of the portion of cable CD 
and the horizontal distance x, can be written in the form 


s=c sinh = (7.15) 
@) The relation between the coordinates x and y can now be 
obtained by writing dy = dx tan 6. Observing from Fig. 7.18c that 
tan 6 = W/Tp and using (7.11) and (7.15), we write 
T W =ws 
dy = dx tan @ = —dx * dx = sinh ~dx 
T, ; c C 
(c) Integrating from C(0, c) to D(x, y) and using (7.12) and (7.13), we 
Fig. 7.18 (continued) obtain 
7 ie =| sinh ~dx = c| cosh | = c(cosh ® = 1) 
c ep c 


ks 
y —c =ccosh——c 
c 


This integral can be found in all standard integral tables. The function 
z = sinh lu 


(read “arc hyperbolic sine u”) is the inverse of the function u = sinh z (read “hyperbolic 
sine 2”). This function and the function v = cosh z (read “hyperbolic cosine z”) are 
defined as follows: 


u = sinh z = 5(e -—e*) v = cosh z = $(e* + e*) 


Numerical values of the functions sinh z and cosh z are found in tables of hyperbolic 
functions. They may also be computed on most calculators either directly or from the 
above definitions. The student is referred to any calculus text for a complete description 
of the properties of these functions. In this section, we use only the following properties, 
which are easily derived from the above definitions: 
d sinh z d cosh z 
——— = cosh z ———— = sinh z (7.12) 
dz dz 
sinh 0 = 0 cosh 0 = 1 (7.13) 
cosh? z — sinh? z = 1 (7.14) 


which reduces to 
% 
y = c cosh = (7.16) 


This is the equation of a catenary with vertical axis. The ordinate c 
of the lowest point C is called the parameter of the catenary. Squar- 
ing both sides of Eqs. (7.15) and (7.16), subtracting, and taking (7.14) 
into account, we obtain the following relation between y and s: 


y" = 5 = 6 (7.17) 


Solving (7.17) for s” and carrying into the last of the relations (7.11), 
we write these relations as follows: 


Ty = we W = ws ty (7.18) 


The last relation indicates that the tension at any point D of the cable 
is proportional to the vertical distance from D to the horizontal line 
representing the x axis. 

When the supports A and B of the cable have the same eleva- 
tion, the distance L between the supports is called the span of the 
cable and the vertical distance h from the supports to the lowest 
point C is called the sag of the cable. These definitions are the 
same as those given in the case of parabolic cables, but it should 
be noted that because of our choice of coordinate axes, the sag h 
is now 


h=ya-c (7.19) 


It should also be observed that certain catenary problems involve 
transcendental equations which must be solved by successive approx- 
imations (see Sample Prob. 7.10). When the cable is fairly taut, how- 
ever, the load can be assumed uniformly distributed along the 
horizontal and the catenary can be replaced by a parabola. This 
greatly simplifies the solution of the problem, and the error intro- 
duced is small. 

When the supports A and B have different elevations, the posi- 
tion of the lowest point of the cable is not known. The problem can 
then be solved in a manner similar to that indicated for parabolic 
cables, by expressing that the cable must pass through the supports 
and that x3 — x, = L and yg — ya = d, where L and d denote, 
respectively, the horizontal and vertical distances between the two 
supports. 
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SAMPLE PROBLEM 7.10 


A uniform cable weighing 3 lb/ft is suspended between two points A and B 
as shown. Determine (a) the maximum and minimum values of the tension 


in the cable, (b) the length of the cable. 


SOLUTION 


Equation of Cable. The origin of coordinates is placed at a distance c 


below the lowest point of the cable. The equation of the cable is given by 
Eq. (7.16), 


ay 
y = ccosh ri 
The coordinates of point B are 
Xp = 250 ft yg = 100 + c 
Substituting these coordinates into the equation of the cable, we obtain 


9 

100 +c= Eee 
é 

100 


250 
+ 1 = cosh 
é 


The value of c is determined by assuming successive trial values, as shown 
in the following table: 


250 100 100 250 
c = — —4+1 cosh —— 
c c c 
300 0.833 (03333 3383 1.367 
350 0.714 0.286 1.286 1.266 
330 0.758 0.303 1.303 1.301 
328 0.762 0.305 ESOS 12305 


Taking c = 328, we have 
yx = 100 + c = 428 ft 

a. Maximum and Minimum Values of the Tension. Using Eqs. (7.18), 
we obtain 

[sige —a( 3) lb/ft) (G28itb) Tmin = 984 Ib <4 

Tmax = Tg = wyg = (3 Ib/ft)(428 ft) GP = IL Toys 
b. Length of Cable. One-half the length of the cable is found by solving 
Eq. (ala) 

Ge = sep =e cn =n = 28)" (828) sen = 27 tt 

The total length of the cable is therefore 


SAB — 2scR = QQ ft) SABy ae 550 ft < 


SOLVING PROBLEMS 
JN TOUR OWN 


cL the last section of this chapter you learned to solve problems involving a cable 
carrying a load uniformly distributed along the cable. The shape assumed by 
the cable is a catenary and is defined by the equation: 


y = ccosh - (7.16) 


1. You should keep in mind that the origin of coordinates for a catenary is 
located at a distance c directly below the lowest point of the catenary. The 
length of the cable from the origin to any point is expressed as 


s =csinh = (7.15) 
Cc 


2. You should first identify all of the known and unknown quantities. Then 
consider each of the equations listed in the text (Eqs. 7.15 through 7.19), and solve 
an equation that contains only one unknown. Substitute the value found into 
another equation, and solve that equation for another unknown. 


3. If the sag h is given, use Eq. (7.19) to replace y by h + c in Eq. (7.16) if x 
is known [Sample Prob. 7.10], or in Eq. (7.17) ifs is known, and solve the equa- 
tion obtained for the constant c. 


4. Many of the problems that you will encounter will involve the solution by 
trial and error of an equation involving a hyperbolic sine or cosine. You can make 
your work easier by keeping track of your calculations in a table, as in Sample 
Prob. 7.10, or by applying a numerical methods approach using a computer or 
calculator. 
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Fig. P7.131, P7.132, and P7.133 


PROBLEMS 


7.127 


7.128 


7.129 


7.130 


7.131 


7.132 


7.133 


7.134 


A 30-m cable is strung as shown between two buildings. The 
maximum tension is found to be 500 N, and the lowest point of 
the cable is observed to be 4 m above the ground. Determine 
(a) the horizontal distance between the buildings, (b) the total 
mass of the cable. 


Fig. P7.127 


A 200-ft steel surveying tape weighs 4 lb. If the tape is stretched 
between two points at the same elevation and pulled until the ten- 
sion at each end is 16 lb, determine the horizontal distance between 
the ends of the tape. Neglect the elongation of the tape due to the 
tension. 


A 200-m-long aerial tramway cable having a mass per unit length 
of 3.5 kg/m is suspended between two points at the same elevation. 
Knowing that the sag is 50 m, find (a) the horizontal distance 
between the supports, (b) the maximum tension in the cable. 


An electric transmission cable of length 400 ft weighing 2.5 lb/ft 
is suspended between two points at the same elevation. Knowing 
that the sag is 100 ft, determine the horizontal distance between 
the supports and the maximum tension. 


A 20-m length of wire having a mass per unit length of 0.2 kg/m is 
attached to a fixed support at A and to a collar at B. Neglecting 
the effect of friction, determine (a) the force P for which h = 8 m, 
(b) the corresponding span L. 


A 20-m length of wire having a mass per unit length of 0.2 kg/m 
is attached to a fixed support at A and to a collar at B. Knowing 
that the magnitude of the horizontal force applied to the collar is 
P = 20 N, determine (a) the sag h, (b) the span L. 


A 20-m length of wire having a mass per unit length of 0.2 kg/m 
is attached to a fixed support at A and to a collar at B. Neglecting 
the effect of friction, determine (a) the sag h for which L = 15 m, 
(b) the corresponding force P. 


Determine the sag of a 30-ft chain that is attached to two points 
at the same elevation that are 20 ft apart. 


7.135 A 90-m wire is suspended between two points at the same eleva- 
tion that are 60 m apart. Knowing that the maximum tension is 
300 N, determine (a) the sag of the wire, (b) the total mass of 
the wire. 


7.136 A counterweight D is attached to a cable that passes over a small 
pulley at A and is attached to a support at B. Knowing that L = 
45 ft and h = 15 ft, determine (a) the length of the cable from A 
to B, (b) the weight per unit length of the cable. Neglect the weight 
of the cable from A to D. 


7.137 A uniform cord 50 in. long passes over a pulley at B and is attached 
to a pin support at A. Knowing that L = 20 in. and neglecting the 
effect of friction, determine the smaller of the two values of h for 
which the cord is in equilibrium. 


7.138 A cable weighing 2 lb/ft is suspended between two points at the 
same elevation that are 160 ft apart. Determine the smallest 
allowable sag of the cable if the maximum tension is not to exceed 
400 lb. 


7.139 A motor M is used to slowly reel in the cable shown. Knowing that 
the mass per unit length of the cable is 0.4 kg/m, determine the 
maximum tension in the cable when h = 5 m. 


7.140 A motor M is used to slowly reel in the cable shown. Knowing that 
the mass per unit length of the cable is 0.4 kg/m, determine the 
maximum tension in the cable when h = 3 m. 


7.141 A uniform cable weighing 3 lb/ft is held in the position shown by 
a horizontal force P applied at B. Knowing that P = 180 lb and 
6, = 60°, determine (a) the location of point B, (b) the length of 
the cable. 


7.142 A uniform cable weighing 3 lb/ft is held in the position shown by 
a horizontal force P applied at B. Knowing that P = 150 Ib and 
6, = 60°, determine (a) the location of point B, (b) the length of 
the cable. 


7.143 To the left of point B the long cable ABDE rests on the rough 
horizontal surface shown. Knowing that the mass per unit length 
of the cable is 2 kg/m, determine the force F when a = 3.6 m. 


Fig. P7.143 and P7.144 


7.144 To the left of point B the long cable ABDE rests on the rough 
horizontal surface shown. Knowing that the mass per unit length 
of the cable is 2 kg/m, determine the force F when a = 6 m. 


Problems AOl 


A { B 
D h 

C 
80 Ib 


Fig. P7.136 


Fig. P7.137 
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Y 
C 


Fig. P7.139 and P7.140 
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BP 
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Fig. P7.141 and P7.142 
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Fig. P7.147 


7.145 


7.146 


*7.147 


*7.148 


7.149 


*7.150 


*7.151 


*7.152 


*7.153 


The cable ACB has a mass per unit length of 0.45 kg/m. Knowing 
that the lowest point of the cable is located at a distance a = 0.6 m 
below the support A, determine (a) the location of the lowest 
point C, (b) the maximum tension in the cable. 


a 


Fig. P7.145 and P7.146 


The cable ACB has a mass per unit length of 0.45 kg/m. Knowing 
that the lowest point of the cable is located at a distance a = 2 m 
below the support A, determine (a) the location of the lowest point 
C, (b) the maximum tension in the cable. 


The 10-ft cable AB is attached to two collars as shown. The collar 
at A can slide freely along the rod; a stop attached to the rod 
prevents the collar at B from moving on the rod. Neglecting the 
effect of friction and the weight of the collars, determine the 
distance a. 


Solve Prob. 7.147 assuming that the angle 6 formed by the rod and 
the horizontal is 45°. 


Denoting by 6 the angle formed by a uniform cable and the hori- 
zontal, show that at any point (a) s = c tan 6, (b) y = c sec 8. 


(a) Determine the maximum allowable horizontal span for a uniform 
cable of weight w per unit length if the tension in the cable is not 
to exceed a given value T,,. (b) Using the result of part a, determine 
the maximum span of a steel wire for which w = 0.25 Ib/ft and 


T,, = 8000 lb. 


A cable has a mass per unit length of 3 kg/m and is supported as 
shown. Knowing that the span L is 6 m, determine the two values 
of the sag h for which the maximum tension is 350 N. 


h 


& P\Ta ‘ BL 
fr OS 
Fig. P7.151, P7.152, and P7.153 


Determine the sag-to-span ratio for which the maximum tension 
in the cable is equal to the total weight of the entire cable AB. 


A cable of weight w per unit length is suspended between two 
points at the same elevation that are a distance L apart. Determine 
(@) the sag-to-span ratio for which the maximum tension is as small 
as possible, (b) the corresponding values of 03 and T,,,. 


REVIEW AND SUMMARY 


In this chapter you learned to determine the internal forces which 
hold together the various parts of a given member in a structure. 


Considering first a straight two-force member AB [Sec. 7.2], we Forces in straight two-force members 
recall that such a member is subjected at A and B to equal and 
opposite forces F and —F directed along AB (Fig. 7.19a). Cutting 
member AB at C and drawing the free-body diagram of portion AC, 
we conclude that the internal forces which existed at C in member 
AB are equivalent to an axial force —F equal and opposite to F 
(Fig. 7.19b). We note that in the case of a two-force member which 
is not straight, the internal forces reduce to a force-couple system 
and not to a single force. 


Fig. 7.19 


Considering next a multiforce member AD (Fig. 7.20a), cutting it at Forces in multiforce members 
J, and drawing the free-body diagram of portion JD, we conclude that 

the internal forces at J are equivalent to a force-couple system con- 

sisting of the axial force F, the shearing force V, and a couple M 

(Fig. 7.20b). The magnitude of the shearing force measures the shear 

at point J, and the moment of the couple is referred to as the bending 

moment at J. Since an equal and opposite force-couple system would 

have been obtained by considering the free-body diagram of portion 

AJ, it is necessary to specify which portion of member AD was used 

when recording the answers [Sample Prob. 7.1]. 


Most of the chapter was devoted to the analysis of the internal forces Forces in beams 
in two important types of engineering structures: beams and cables. 
Beams are usually long, straight prismatic members designed to sup- 
port loads applied at various points along the member. In general 
the loads are perpendicular to the axis of the beam and produce only 
shear and bending in the beam. The loads may be either concentrated 
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Shear and bending moment 
in a beam 


=p 


Internal forces at section 
(positive shear and positive bending moment) 


Fig. 7.21 


Relations among load, shear, 
and bending moment 


Cables with concentrated loads 


at specific points, or distributed along the entire length or a portion 
of the beam. The beam itself may be supported in various ways; since 
only statically determinate beams are considered in this text, we lim- 
ited our analysis to that of simply supported beams, overhanging 
beams, and cantilever beams [Sec. 7.3]. 


To obtain the shear V and bending moment M at a given point C of 
a beam, we first determine the reactions at the supports by consider- 
ing the entire beam as a free body. We then cut the beam at C and 
use the free-body diagram of one of the two portions obtained in 
this fashion to determine V and M. In order to avoid any confusion 
regarding the sense of the shearing force V and couple M (which 
act in opposite directions on the two portions of the beam), the sign 
convention illustrated in Fig. 7.21 was adopted [Sec. 7.4]. Once the 
values of the shear and bending moment have been determined at 
a few selected points of the beam, it is usually possible to draw a 
shear diagram and a bending-moment diagram representing, respec- 
tively, the shear and bending moment at any point of the beam 
[Sec. 7.5]. When a beam is subjected to concentrated loads only, the 
shear is of constant value between loads and the bending moment 
varies linearly between loads [Sample Prob. 7.2]. On the other hand, 
when a beam is subjected to distributed loads, the shear and bending 
moment vary quite differently [Sample Prob. 7.3]. 


The construction of the shear and bending-moment diagrams is 
facilitated if the following relations are taken into account. Denoting 
by w the distributed load per unit length (assumed positive if directed 
downward), we have [Sec. 7.5]: 


dV 
a. —w (7.1) 
dM 
— V (7.3) 


or, in integrated form, 


Vp — Vo = —(area under load curve between C and D) — (7.2’) 
Mp — Mc = area under shear curve between C and D (7.4') 


Equation (7.2') makes it possible to draw the shear diagram of a 
beam from the curve representing the distributed load on that beam 
and the value of V at one end of the beam. Similarly, Eq. (7.4’) 
makes it possible to draw the bending-moment diagram from the 
shear diagram and the value of M at one end of the beam. However, 
concentrated loads introduce discontinuities in the shear diagram 
and concentrated couples in the bending-moment diagram, none of 
which are accounted for in these equations [Sample Probs. 7.4 and 
7.7]. Finally, we note from Eq. (7.3) that the points of the beam 
where the bending moment is maximum or minimum are also the 
points where the shear is zero [Sample Prob. 7.5]. 


The second half of the chapter was devoted to the analysis of flexible 
cables. We first considered a cable of negligible weight supporting 
concentrated loads [Sec. 7.7]. Using the entire cable AB as a free 


body (Fig. 7.22), we noted that the three available equilibrium equa- 
tions were not sufficient to determine the four unknowns represent- 
ing the reactions at the supports A and B. However, if the coordinates 
of a point D of the cable are known, an additional equation can be 
obtained by considering the free-body diagram of the portion AD or 
DB of the cable. Once the reactions at the supports have been deter- 
mined, the elevation of any point of the cable and the tension in any 
portion of the cable can be found from the appropriate free-body 
diagram [Sample Prob. 7.8]. It was noted that the horizontal com- 
ponent of the force T representing the tension is the same at any 
point of the cable. 


We next considered cables carrying distributed loads [Sec. 7.8]. 
Using as a free body a portion of cable CD extending from the lowest 
point C to an arbitrary point D of the cable (Fig. 7.23), we observed 
that the horizontal component of the tension force T at D is constant 
and equal to the tension To at C, while its vertical component is equal 
to the weight W of the portion of cable CD. The magnitude and 
direction of T were obtained from the force triangle: 


T=VT%+W tan @ = = (7.6) 


0 


In the case of a load uniformly distributed along the horizontal—as 
in a suspension bridge (Fig. 7.24)—the load supported by portion 
CD is W = wx, where w is the constant load per unit horizontal 
length [Sec. 7.9]. We also found that the curve formed by the cable 
is a parabola of equation 
wx 

p= 7.8 

2 — 
and that the length of the cable can be found by using the expansion 
in series given in Eq. (7.10) [Sample Prob. 7.9]. 


In the case of a load uniformly distributed along the cable itself— 
e.g., a cable hanging under its own weight (Fig. 7.25)—the load 
supported by portion CD is W = ws, where s is the length measured 
along the cable and w is the constant load per unit length [Sec. 7.10]. 
Choosing the origin O of the coordinate axes at a distance c = Tp/w 
below C, we derived the relations 


sS=c sinh (7.15) 
x 
y = c cosh . (7.16) 
y” —sS=¢ (7.17) 
Ty) = we W = ws T = wy (7.18) 


which can be used to solve problems involving cables hanging under 
their own weight [Sample Prob. 7.10]. Equation (7.16), which defines 
the shape of the cable, is the equation of a catenary. 
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Fig. 7.22 


Fig. 7.23 


Parabolic cable 


D(x.y) 


Fig. 7.24 


Catenary 


Fig. 7.25 
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REVIEW PROBLEMS 


7.154 It has been experimentally determined that the bending moment 
at point K of the frame shown is 300 N - m. Determine (a) the 
tension in rods AE and FD, (b) the corresponding internal forces 
at point J. 


7.155 Knowing that the radius of each pulley is 200 mm and neglecting 
friction, determine the internal forces at point J of the frame 
shown. 


|_— 950 9 


Fig. P7.154 


0.2m 


360 N 
Fig. P7.155 


7.156 A steel channel of weight per unit length w = 20 lb/ft forms one 
side of a flight of stairs. Determine the internal forces at the center 
C of the channel due to its own weight for each of the support 
conditions shown. 


B. 
C 9 C 

A | A | 
ane ae |_¢ Lk, ft —| 

(a) (b) 


Fig. P7.156 
16 Ib/in. 7.157 For the beam shown, determine (a) the magnitude P of the two 
concentrated loads for which the maximum absolute value of the 
bending moment is as small as possible, (b) the corresponding 
value of |M|mnax- 


a 
> 


- 7.158 Knowing that the magnitude of the concentrated loads P is 75 Ib, 
10 in. 10 in. (a) draw the shear and bending-moment diagrams for beam AB, 
(b) determine the maximum absolute values of the shear and bend- 
Fig. P7.157 and P7.158 ing moment. 


7.159 For the beam and loading shown, (a) draw the shear and bending- Review Problems 4()7 
moment diagrams, (b) determine the maximum absolute values of 
the shear and bending moment. 24kN 24kN 12 kN/m 


7.160 For the beam shown, draw the shear and bending-moment diagrams, A m| , | | | | | 
A a 


and determine the magnitude and location of the maximum absolute B 

value of the bending moment, knowing that (a) P = 6 kips, (b) P = = a Wa 
B | I~ | 18m | 

0.6m 0.6m 0.6m 


3 kips. 
Fig. P7.159 


7.161 For the beam and loading shown, (a) write the equations of the 
shear and bending-moment curves, (b) determine the maximum 
bending moment. 


2 kips/ft P 
? C 
_ AX A —- B 
Wo w=Wo \l- sin 
|~ 6 ft ap >| 


Fig. P7.160 


| ‘ - 


Fig. P7.161 


7.162 An oil pipeline is supported at 6-ft intervals by vertical hangers 
attached to the cable shown. Due to the combined weight of the 
pipe and its contents the tension in each hanger is 400 lb. Knowing 
that d; = 12 ft, determine (a) the maximum tension in the cable, 
(b) the distance dp. 


r 7 fi 
dp 


ee 


[. 5 @6 ft = 30 ft >| 
Fig. P7.162 


7.163 Solve Prob. 7.162 assuming that de = 9 ft. 


7.164 A transmission cable having a mass per unit length of 0.8 kg/m is 
strung between two insulators at the same elevation that are 75 m 
apart. Knowing that the sag of the cable is 2 m, determine (a) the 
maximum tension in the cable, (b) the length of the cable. 


7.165 Cable ACB supports a load uniformly distributed along the hori- 
zontal as shown. The lowest point C is located 9 m to the right of 
A. Determine (a) the vertical distance a, (b) the length of the cable, 
(c) the components of the reaction at A. Fig. P7.165 
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COMPUTER PROBLEMS 


A ee Bx 
x—a a6 ie ape 
Fig. P7.C1 


7.C1 An overhanging beam is to be designed to support several concen- 
trated loads. One of the first steps in the design of the beam is to determine 
the values of the bending moment that can be expected at the supports A 
and B and under each of the concentrated loads. Write a computer program 
that can be used to calculate those values for the arbitrary beam and loading 
shown. Use this program for the beam and loading of (a) Prob. 7.36, 
(b) Prob. 7.37, (c) Prob. 7.38. 


7.€2 Several concentrated loads and a uniformly distributed load are to 
be applied to a simply supported beam AB. As a first step in the design 
of the beam, write a computer program that can be used to calculate the 
shear and bending moment in the beam for the arbitrary loading shown 
using given increments Ax. Use this program for the beam of 
(a) Prob. 7.39, with Ax = 0.25 m; (b) Prob. 7.41, with Ax = 0.5 ft; 
(c) Prob. 7.42, with Ax = 0.5 ft. 


7.C3 A beam AB hinged at B and supported by a roller at D is to be 
designed to carry a load uniformly distributed from its end A to its mid- 
point C with maximum efficiency. As part of the design process, write a 
computer program that can be used to determine the distance a from end 
A to the point D where the roller should be placed to minimize the abso- 
lute value of the bending moment M in the beam. (Note: A short prelimi- 
nary analysis will show that the roller should be placed under the load and 
that the largest negative value of M will occur at D, while its largest posi- 
tive value will occur somewhere between D and C. Also see the hint for 
Prob. 7.55.) 


|- 5m | 5m _ 
20 kN/m 


A 7 = 


Beere| 


Fig. P7.C3 


7.C4 The floor of a bridge will consist of narrow planks resting on two 
simply supported beams, one of which is shown in the figure. As part of the 
design of the bridge, it is desired to simulate the effect that driving a 3000-Ib 
truck over the bridge will have on this beam. The distance between the 
truck’s axles is 6 ft, and it is assumed that the weight of the truck is equally 
distributed over its four wheels. (a) Write a computer program that can be 
used to calculate the magnitude and location of the maximum bending 
moment in the beam for values of x from —3 ft to 10 ft using 0.5-ft incre- 
ments. (b) Using smaller increments if necessary, determine the largest 
value of the bending moment that occurs in the beam as the truck is driven 
over the bridge and determine the corresponding value of x. 


|~—— 7 ——+| 


750 Ib 750 Ib 


3 ft | 3 ft 


x 20 ft i 
Fig. P7.C4 


*7.C5 Write a computer program that can be used to plot the shear and 
bending-moment diagrams for the beam of Prob. 7.C1. Using this program 
and a plotting increment Av = L/100, plot the V and M diagrams for the 
beam and loading of (a) Prob. 7.36, (b) Prob. 7.37, (c) Prob. 7.38. 


*7.C6 Write a computer program that can be used to plot the shear and 
bending-moment diagrams for the beam of Prob. 7.C2. Using this program 
and a plotting increment Av = L/100, plot the V and M diagrams for the 
beam and loading of (a) Prob. 7.39, (b) Prob. 7.41, (c) Prob. 7.42. 


7.C7 Write a computer program that can be used in the design of cable 
supports to calculate the horizontal and vertical components of the reaction 
at the support A,, from values of the loads Pj, Ps, . . ., P,—1, the horizontal 
distances dy, ds, . . ., dy, and the two vertical distances ho and hx. Use this 
program to solve Probs. 7.95b, 7.96b, and 7.97b. 


7.€8 A typical transmission-line installation consists of a cable of length saz 
and weight w per unit length suspended as shown between two points at 
the same elevation. Write a computer program and use it to develop a table 
that can be used in the design of future installations. The table should pre- 
sent the dimensionless quantities h/L, s43/L, To/wL, and Ty,q,vL for values 
of c/L from 0.2 to 0.5 using 0.025 increments and from 0.5 to 4 using 
0.5 increments. 


Fig. P7.C8 


7.C9 Write a computer program and use it to solve Prob. 7.132 for values 
of P from 0 to 50 N using 5-N increments. 
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Fig. P7.C7 


The tractive force that a railroad 
locomotive can develop depends upon 
the frictional resistance between the 
drive wheels and the rails. When the 
potential exists for wheel slip to occur, 
such as when a train travels upgrade 
over wet rails, sand is deposited on top 


of the railhead to increase this friction. 
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Chapter 8 Friction 


Introduction 

The Laws of Dry Friction. 
Coefficients of Friction 

Angles of Friction 

Problems Involving Dry Friction 
Wedges 

Square-Threaded Screws 
Journal Bearings. Axle Friction 
Thrust Bearings. Disk Friction 
Wheel Friction. Rolling Resistance 
Belt Friction 


8.1 INTRODUCTION 


In the preceding chapters, it was assumed that surfaces in contact 
were either frictionless or rough. If they were frictionless, the force 
each surface exerted on the other was normal to the surfaces and 
the two surfaces could move freely with respect to each other. If they 
were rough, it was assumed that tangential forces could develop to 
prevent the motion of one surface with respect to the other. 

This view was a simplified one. Actually, no perfectly friction- 
less surface exists. When two surfaces are in contact, tangential 
forces, called friction forces, will always develop if one attempts to 
move one surface with respect to the other. On the other hand, these 
friction forces are limited in magnitude and will not prevent motion 
if sufficiently large forces are applied. The distinction between fric- 
tionless and rough surfaces is thus a matter of degree. This will be 
seen more clearly in the present chapter, which is devoted to the 
study of friction and of its applications to common engineering 
situations. 

There are two types of friction: dry friction, sometimes called 
Coulomb friction, and fluid friction. Fluid friction develops between 
layers of fluid moving at different velocities. Fluid friction is of 
great importance in problems involving the flow of fluids through 
pipes and orifices or dealing with bodies immersed in moving 
fluids. It is also basic in the analysis of the motion of lubricated 
mechanisms. Such problems are considered in texts on fluid 
mechanics. The present study is limited to dry friction, i-e., to prob- 
lems involving rigid bodies which are in contact along nonlubri- 
cated surfaces. 

In the first part of this chapter, the equilibrium of various rigid 
bodies and structures, assuming dry friction at the surfaces of con- 
tact, is analyzed. Later a number of specific engineering applications 
where dry friction plays an important role are considered: wedges, 
square-threaded screws, journal bearings, thrust bearings, rolling 
resistance, and belt friction. 


8.2 THE LAWS OF DRY FRICTION. 
COEFFICIENTS OF FRICTION 


The laws of dry friction are exemplified by the following experiment. 
A block of weight W is placed on a horizontal plane surface 
(Fig. 8.1a). The forces acting on the block are its weight W and the 
reaction of the surface. Since the weight has no horizontal component, 
the reaction of the surface also has no horizontal component; the 
reaction is therefore normal to the surface and is represented by N 
in Fig. 8.la. Suppose, now, that a horizontal force P is applied to the 
block (Fig. 8.1b). If P is small, the block will not move; some other 
horizontal force must therefore exist, which balances P. This other 
force is the static-friction force F, which is actually the resultant of 
a great number of forces acting over the entire surface of contact 
between the block and the plane. The nature of these forces is not 
known exactly, but it is generally assumed that these forces are due 


to the irregularities of the surfaces in contact and, to a certain extent, 
to molecular attraction. 

If the force P is increased, the friction force F also increases, 
continuing to oppose P, until its magnitude reaches a certain maxi- 
mum value F,,, (Fig. 8.1c). If P is further increased, the friction force 


WwW WwW 


N N 


(a) (b) 
Fig. 8.1 


cannot balance it any more and the block starts sliding.t As soon as 
the block has been set in motion, the magnitude of F drops from F,, 
to a lower value F;. This is because there is less interpenetration 
between the irregularities of the surfaces in contact when these sur- 
faces move with respect to each other. From then on, the block 
keeps sliding with increasing velocity while the friction force, denoted 
by F; and called the kinetic-friction force, remains approximately 
constant. 

Experimental evidence shows that the maximum value F,,, of 
the static-friction force is proportional to the normal component N 
of the reaction of the surface. We have 


Ey (8.1) 


where p, is a constant called the coefficient of static friction. Simi- 
larly, the magnitude F; of the kinetic-friction force may be put in 
the form 


Be GN (8.2) 


where py is a constant called the coefficient of kinetic friction. The 
coefficients of friction 4, and yx, do not depend upon the area of 


tIt should be noted that, as the magnitude F of the friction force increases from 0 to 
F,,, the point of application A of the resultant N of the normal forces of contact moves 
to the right, so that the couples formed, respectively, by P and F and by W and N 
remain balanced. If N reaches B before F reaches its maximum value F,,, the block 
will tip about B before it can start sliding (see Probs. 8.15 and 8.16). 


8.2 The Laws of Dry Friction. 


F | Equilibrium 


Coefficients of Friction 


Motion 
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Friction the surfaces in contact. Both coefficients, however, depend strongly on 
the nature of the surfaces in contact. Since they also depend upon the 
exact condition of the surfaces, their value is seldom known with an 
accuracy greater than 5 percent. Approximate values of coefficients of 
static friction for various dry surfaces are given in Table 8.1. The cor- 
responding values of the coefficient of kinetic friction would be about 
25 percent smaller. Since coefficients of friction are dimensionless 
quantities, the values given in Table 8.1 can be used with both SI units 
and U.S. customary units. 


IF 


ve 


(d) Motion ——+ (P, >F,,,) 
Fig. 8.2 


TABLE 8.1 Approximate 
Values of Coefficient of 
Static Friction for Dry 


Surfaces 

Metal on metal 0.15-0.60 
Metal on wood 0.20-0.60 
Metal on stone 0.30-0.70 
Metal on leather 0.30-0.60 
Wood on wood 0.25-0.50 
Wood on leather 0.25-0.50 
Stone on stone 0.40-0.70 
Earth on earth 0.20-1.00 


Rubber on concrete 0.60-—0.90 


From the description given above, it appears that four different 


situations can occur when a rigid body is in contact with a horizontal 
surface: 


The forces applied to the body do not tend to move it along 
the surface of contact; there is no friction force (Fig. 8.2a). 
The applied forces tend to move the body along the surface 
of contact but are not large enough to set it in motion. The 
friction force F which has developed can be found by solv- 
ing the equations of equilibrium for the body. Since there is 
no evidence that F has reached its maximum value, the equa- 
tion F,, = uN cannot be used to determine the friction force 
(Fig. 8.2b). 

The applied forces are such that the body is just about to slide. 
We say that motion is impending. The friction force F has 
reached its maximum value F,, and, together with the normal 
force N, balances the applied forces. Both the equations of 
equilibrium and the equation F,,, = uN can be used. We also 
note that the friction force has a sense opposite to the sense of 
impending motion (Fig. 8.2c). 

The body is sliding under the action of the applied forces, 
and the equations of equilibrium do not apply any more. 
However, F is now equal to F; and the equation F, = 4,.N may 
be used. The sense of F, is opposite to the sense of motion 


(Fig. 8.2d). 


8.3. ANGLES OF FRICTION 


It is sometimes convenient to replace the normal force N and the 
friction force F by their resultant R. Let us consider again a block 
of weight W resting on a horizontal plane surface. If no horizontal 
force is applied to the block, the resultant R reduces to the normal 
force N (Fig. 8.3a). However, if the applied force P has a horizontal 
component P, which tends to move the block, the force R will have 
a horizontal component F and, thus, will form an angle ¢ with the 
normal to the surface (Fig. 8.3b). If P, is increased until motion 
becomes impending, the angle between R and the vertical grows and 
reaches a maximum value (Fig. 8.3c). This value is called the angle 
of static friction and is denoted by @,. From the geometry of Fig. 8.3c, 
we note that 


Fin >N 
tan $= 5" = = 
tan $, = bs (8.3) 


If motion actually takes place, the magnitude of the friction 
force drops to F;; similarly, the angle ¢ between R and N drops to 
a lower value ¢y, called the angle of kinetic friction (Fig. 8.3d). From 
the geometry of Fig. 8.3d, we write 


Fy bxN 
ee ae ee 
tan d, = Mk (8.4) 


Another example will show how the angle of friction can be 
used to advantage in the analysis of certain types of problems. Con- 
sider a block resting on a board and subjected to no other force than 
its weight W and the reaction R of the board. The board can be 
given any desired inclination. If the board is horizontal, the force R 
exerted by the board on the block is perpendicular to the board and 
balances the weight W (Fig. 8.4a). If the board is given a small angle 
of inclination 6, the force R will deviate from the perpendicular to 
the board by the angle @ and will keep balancing W (Fig. 8.4b); it 
will then have a normal component N of magnitude N = W cos 6 
and a tangential component F of magnitude F = W sin 0. 

If we keep increasing the angle of inclination, motion will soon 
become impending. At that time, the angle between R and the nor- 
mal will have reached its maximum value ¢, (Fig. 8.4c). The value 
of the angle of inclination corresponding to impending motion is 
called the angle of repose. Clearly, the angle of repose is equal to 
the angle of static friction @,. If the angle of inclination 6 is further 
increased, motion starts and the angle between R and the normal 
drops to the lower value ¢; (Fig. 8.4d). The reaction R is not vertical 
any more, and the forces acting on the block are unbalanced. 


8.3 Angles of Friction 4] 5 


(d) Motion ——» 


Fig. 8.3 


41 6 Friction 


Wsin 0 


wa =e RN = Weos 0 
AN = Wcos 6 Z 24k 
0<d, oR RLF, = Wsin 6 oxo, BVP, <wsin@ 
; F = Wsin @ @ ='6, = angle of repose 
(a) No friction (b) No motion (c) Motion impending (d) Motion 


Fig. 8.4 


8.4 PROBLEMS INVOLVING DRY FRICTION 


Problems involving dry friction are found in many engineering appli- 
cations. Some deal with simple situations such as the block sliding 
on a plane described in the preceding sections. Others involve more 
complicated situations as in Sample Prob. 8.3; many deal with the 
stability of rigid bodies in accelerated motion and will be studied in 
dynamics. Also, a number of common machines and mechanisms can 
be analyzed by applying the laws of dry friction. These include 


wedges, screws, journal and thrust bearings, and belt transmissions. 


Photo 8.1 The coefficient of static friction They will be studied in the following sections. 
between a package and the inclined conveyer The methods which should be used to solve problems involving 
belt must be sufficiently large to enable the dry friction are the same that were used in the preceding chapters. 


package fo be transported without slipping. If a problem involves only a motion of translation, with no possible 


rotation, the body under consideration can usually be treated as a 
particle, and the methods of Chap. 2 used. If the problem involves 
a possible rotation, the body must be considered as a rigid body, and 
the methods of Chap. 4 should be used. If the structure considered 
is made of several parts, the principle of action and reaction must 
be used as was done in Chap. 6. 

If the body considered is acted upon by more than three forces 
(including the reactions at the surfaces of contact), the reaction at 
each surface will be represented by its components N and F and the 
problem will be solved from the equations of equilibrium. If only 
three forces act on the body under consideration, it may be more 
convenient to represent each reaction by the single force R and to 
solve the problem by drawing a force triangle. 

Most problems involving friction fall into one of the following 
three groups: In the first group of problems, all applied forces are 
given and the coefficients of friction are known; we are to determine 
whether the body considered will remain at rest or slide. The friction 
force F required to maintain equilibrium is unknown (its magnitude 
is not equal to 4.N) and should be determined, together with the 
normal force N, by drawing a free-body diagram and solving the 
equations of equilibrium (Fig. 8.5a). The value found for the magni- 
tude F of the friction force is then compared with the maximum 
value F,,, = uN. If F is smaller than or equal to F,,, the body remains 
at rest. If the value found for F is larger than F,,,, equilibrium cannot 


be maintained and motion takes place; the actual magnitude of the 6.4 Problems Involving Dry Friction. Al 77 
friction force is then F, = p4,N. 

In problems of the second group, all applied forces are given F 
and the motion is known to be impending; we are to determine the 
value of the coefficient of static friction. Here again, we determine 
the friction force and the normal force by drawing a free-body dia- 
gram and solving the equations of equilibrium (Fig. 8.5b). Since we 
know that the value found for F is the maximum value F,,, the coef- 
ficient of friction may be found by writing and solving the equation 
Fin = HN. (a) 

In problems of the third group, the coefficient of static friction 
is given, and it is known that the motion is impending in a given 
direction; we are to determine the magnitude or the direction of one 
of the applied forces. The friction force should be shown in the free- 
body diagram with a sense opposite to that of the impending motion 
and with a magnitude F,,, = uN (Fig. 8.5c). The equations of equi- 
librium can then be written, and the desired force determined. 

As noted above, when only three forces are involved it may be 
more convenient to represent the reaction of the surface by a single 
force R and to solve the problem by drawing a force triangle. Such 
a solution is used in Sample Prob. 8.2. 

When two bodies A and B are in contact (Fig. 8.6a), the 
forces of friction exerted, respectively, by A on B and by B on A 
are equal and opposite (Newton’s third law). In drawing the free- 
body diagram of one of the bodies, it is important to include the 
appropriate friction force with its correct sense. The following rule 
should then be observed: The sense of the friction force acting on 
A is opposite to that of the motion (or impending motion) of A as 
observed from B (Fig. 8.6b).+ The sense of the friction force acting 
on B is determined in a similar way (Fig. 8.6c). Note that the 
motion of A as observed from B is a relative motion. For example, 
if body A is fixed and body B moves, body A will have a relative 
motion with respect to B. Also, if both B and A are moving down 
but B is moving faster than A, body A will be observed, from B, 
to be moving up. 


Te, " 
“Wireg 


tIt is therefore the same as that of the motion of B as observed from A. 


Motion of A with respect to B 
Motion of B with respect to A 


ete a 
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100 Ib 


300 lb 


300 Ib 


F = 48 lb 


N = 240 Ib 


SAMPLE PROBLEM 8.1 


A 100-lb force acts as shown on a 300-lb block placed on an inclined plane. 
The coefficients of friction between the block and the plane are w, = 0.25 
and py = 0.20. Determine whether the block is in equilibrium, and find the 
value of the friction force. 


SOLUTION 


Force Required for Equilibrium. We first determine the value of the fric- 
tion force required to maintain equilibrium. Assuming that F is directed 
down and to the left, we draw the free-body diagram of the block and write 


+7>F,=0: 100 Ib — 3(300 Ib) — F = 0 
F=-80lb F=80lb/ 


+\3F,=0:  N—5(3001b) = 0 
N= +240lb N= 240 IbN 


The force F required to maintain equilibrium is an 80-lb force directed up 
and to the right; the tendency of the block is thus to move down the plane. 


Maximum Friction Force. The magnitude of the maximum friction force 
which may be developed is 


eile F,, = 0.25(240 Ib) = 60 Ib 


Since the value of the force required to maintain equilibrium (80 lb) is 
larger than the maximum value which may be obtained (60 lb), equilibrium 
will not be maintained and the block will slide down the plane. 


Actual Value of Friction Force. The magnitude of the actual friction force 
is obtained as follows: 


Fctual = Fy = py 
= 0.20(240 Ib) = 48 lb 


The sense of this force is opposite to the sense of motion; the force is thus 


directed up and to the right: 
1 Deere = 48 Ib/7 < 


It should be noted that the forces acting on the block are not balanced; the 
resultant is 


3(300 Ib) — 100 Ib — 48 Ib = 32 lb’ 


SAMPLE PROBLEM 8.2 


A support block is acted upon by two forces as shown. Knowing that the 
coefficients of friction between the block and the incline are uw, = 0.35 and 
bx = 0.25, determine the force P required (a) to start the block moving up 
the incline, (b) to keep it moving up, (c) to prevent it from sliding down. 


SOLUTION 


Free-Body Diagram. For each part of the problem we draw a free-body 
diagram of the block and a force triangle including the 800-N vertical force, 
the horizontal force P, and the force R exerted on the block by the incline. 
The direction of R must be determined in each separate case. We note that 
since P is perpendicular to the 800-N force, the force triangle is a right tri- 
angle, which can easily be solved for P. In most other problems, however, 
the force triangle will be an oblique triangle and should be solved by apply- 


ing the law of sines. 


a. Force P to Start Block Moving Up 


800 N 


tan @, = Hy, ON P = (800 N) tan 44.299  P=780N<e 4 
= 0.35 
o, = 19.29° 


25° + 19.29° = 44,29° 


b. Force P to Keep Block Moving Up 


800 N 
P 5 = 
Bt =H S00 NF P = (800 N) tan 39.04 P=649Ne 4 
= 0.25 
ts : Oy = 14.04° ; /> 
25° + 14.04° = 39.04 
R 
De 
800 N c. Force P to Prevent Block from Sliding Down 
@, = 19.29° . 
Bee ene P = (800 N)tan5.71° P=80.0Ne < 
soo N/R 
, 
95’ R 
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SAMPLE PROBLEM 8.3 


The movable bracket shown may be placed at any height on the 3-in.- 
diameter pipe. If the coefficient of static friction between the pipe and 
bracket is 0.25, determine the minimum distance x at which the load W can 
be supported. Neglect the weight of the bracket. 


SOLUTION 


Free-Body Diagram. We draw the free-body diagram of the bracket. 
When W is placed at the minimum distance x from the axis of the pipe, the 
bracket is just about to slip, and the forces of friction at A and B have 
reached their maximum values: 

Fy = BsNa = 0.25 Na 

Fz = LsNp = 0.25 Nz 


Equilibrium Equations 

= e—a0: Ng — Na = 0 
Ng = Na 

+72F,=0: Fy + Fy -W=0 
0.25N, + 0.25Nz = W 


And, since Nz has been found equal to Na, 


0.50N, = W 
Na = 2W 


+5 =Mz = 0: N,(6 in.) — F,4(3 in.) — W(x — 1.5 in.) = 0 
6N, — 3(0.25N,) — Wx + 1.5W = 0 
6(2W) — 0.75(2W) — Wx + 1.5W = 0 


Dividing through by W and solving for x, 


SOLVING PROBLEMS 
YN TOUR OWN 


LT this lesson you studied and applied the laws of dry friction. Previously you 
had encountered only (a) frictionless surfaces that could move freely with 
respect to each other, (b) rough surfaces that allowed no motion relative to each 
other. 


A. In solving problems involving dry friction, you should keep the following 
in mind. 


1. The reaction R exerted by a surface on a free body can be resolved into 
a component N and a tangential component F. The tangential component is known 
as the friction force. When a body is in contact with a fixed surface the direction 
of the friction force F is opposite to that of the actual or impending motion of the 
body. 

a. No motion will occur as long as F does not exceed the maximum value 
F,, = pbsN, where p, is the coefficient of static friction. 

b. Motion will occur if a value of F larger than F,, is required to maintain 
equilibrium. As motion takes place, the actual value of F drops to F, = y4N, where 
py is the coefficient of kinetic friction [Sample Prob. 8.1]. 


2. When only three forces are involved an alternative approach to the analysis 
of friction may be preferred [Sample Prob. 8.2]. The reaction R is defined by its 
magnitude R and the angle @ it forms with the normal to the surface. No motion 
will occur as long as @ does not exceed the maximum value ¢,, where tan $, = ps. 
Motion will occur if a value of ¢ larger than @, is required to maintain equilibrium, 
and the actual value of @ will drop to d;, where tan dy = px. 


3. When two bodies are in contact the sense of the actual or impending rela- 
tive motion at the point of contact must be determined. On each of the two bodies 
a friction force F should be shown in a direction opposite to that of the actual or 
impending motion of the body as seen from the other body. 


(continued) 
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B. Methods of solution. The first step in your solution is to draw a free-body 
diagram of the body under consideration, resolving the force exerted on each 
surface where friction exists into a normal component N and a friction force F. If 
several bodies are involved, draw a free-body diagram of each of them, labeling 
and directing the forces at each surface of contact as you learned to do when 
analyzing frames in Chap. 6. 


The problem you have to solve may fall in one of the following three categories: 


1. All the applied forces and the coefficients of friction are known, and you 
must determine whether equilibrium is maintained. Note that in this situation 
the friction force is unknown and cannot be assumed to be equal to p,N. 

a. Write the equations of equilibrium to determine N and F. 

b. Calculate the maximum allowable friction force, F,, = uN. If F = Fy, 
equilibrium is maintained. If F > F,,, motion occurs, and the magnitude of the 
friction force is F, = gxN [Sample Prob. 8.1]. 


2. All the applied forces are known, and you must find the smallest allow- 
able value of pu, for which equilibrium is maintained. You will assume that 
motion is impending and determine the corresponding value of p,. 

a. Write the equations of equilibrium to determine N and F. 

b. Since motion is impending, F = F,,. Substitute the values found for N 
and F into the equation F,,, = ,N and solve for py. 


3. The motion of the body is impending and pu, is known; you must find 
some unknown quantity, such as a distance, an angle, the magnitude of a force, 
or the direction of a force. 

a. Assume a possible motion of the body and, on the free-body diagram, 
draw the friction force in a direction opposite to that of the assumed motion. 

b. Since motion is impending, F = F,, = w;N. Substituting for p, its known 
value, you can express F in terms of N on the free-body diagram, thus eliminating 
one unknown. 

c. Write and solve the equilibrium equations for the unknown you seek 
[Sample Prob. 8.3]. 


PROBLEMS 


8.1 Determine whether the block shown is in equilibrium and find the 
magnitude and direction of the friction force when 0 = 25° and 
P = 150 bb. 


240 Ib] Ms = 0.35 


Fig. P8.1 and P8.2 


8.2 Determine whether the block shown is in equilibrium and find the 
magnitude and direction of the friction force when @ = 30° and 
P = 30 bb. 

8.3 Determine whether the block shown is in equilibrium and find the 
magnitude and direction of the friction force when @ = 40° and 
P =AO0N. 

8.4 Determine whether the block shown is in equilibrium and find the 
magnitude and direction of the friction force when @ = 35° and 
P = 200 N. 

8.5 Knowing that 6 = 45°, determine the range of values of P for 
which equilibrium is maintained. 

8.6 Determine the range of values of P for which equilibrium of the 
block shown is maintained. 


Fig. P8.6 


8.7 Knowing that the coefficient of friction between the 15-kg block 
and the incline is uw, = 0.25, determine (a) the smallest value of 
P required to maintain the block in equilibrium, (b) the corre- 
sponding value of B. 

8.8 Considering only values of 6 less than 90°, determine the smallest 
value of @ required to start the block moving to the right when 


(a) W = 75 lb, (b) W = 100 bb. 


Fig. P8.3, P8.4, and P8.5 


15 kg 


Fig. P8.7 
M,=0.25 
‘y= 0.20 
0 30 Ib 
Fig. P8.8 
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Fig. P8.12 


24 in, 
Fig. P8.15 and P8.16 


8.9 


8.10 


8.11 


8.13 


8.14 


8.15 


8.16 


The coefficients of friction between the block and the rail are uw, = 
0.30 and py, = 0.25. Knowing that 8 = 65°, determine the smallest 
value of P required (a) to start the block moving up the rail, (b) to 
keep it from moving down. 


The 80-lb block is attached to link AB and rests on a moving belt. 
Knowing that , = 0.25 and py, = 0.20, determine the magnitude 
of the horizontal force P that should be applied to the belt to 
maintain its motion (a) to the right, (b) to the left. 


Fig. P8.10 


and 8.12 The coefficients of friction are wu, = 0.40 and py, = 
0.30 between all surfaces of contact. Determine the smallest force 
P required to start the 30-kg block moving if cable AB (a) is attached 
as shown, (b) is removed. 


Three 4-kg packages A, B, and C are placed on a conveyor belt that 
is at rest. Between the belt and both packages A and C the coeffi- 
cients of friction are u, = 0.30 and py, = 0.20; between package B 
and the belt the coefficients are , = 0.10 and yy = 0.08. The pack- 
ages are placed on the belt so that they are in contact with each 
other and at rest. Determine which, if any, of the packages will move 
and the friction force acting on each package. 


Fig. P8.13 


Solve Prob. 8.13 assuming that package B is placed to the right of 
both packages A and C, 


A 120-lb cabinet is mounted on casters that can be locked to pre- 
vent their rotation. The coefficient of static friction between the 
floor and each caster is 0.30. If h = 32 in., determine the magni- 
tude of the force P required to move the cabinet to the right (a) if 
all casters are locked, (b) if the casters at B are locked and the 
casters at A are free to rotate, (c) if the casters at A are locked and 
the casters at B are free to rotate. 


A 120-lb cabinet is mounted on casters that can be locked to pre- 
vent their rotation. The coefficient of static friction between the 
floor and each caster is 0.30. Assuming that the casters at both 
A and B are locked, determine (a) the force P required to move 
the cabinet to the right, (b) the largest allowable value of h if the 


cabinet is not to tip over. 


8.17 The cylinder shown is of weight W and radius r, and the coefficient Problems AD5 
of static friction 4, is the same at A and B. Determine the magni- 
tude of the largest couple M that can be applied to the cylinder if 
it is not to rotate. 


Fig. P8.17 and P8.18 


8.18 The cylinder shown is of weight W and radius r. Express in terms 
W and r the magnitude of the largest couple M that can be applied 
to the cylinder if it is not to rotate, assuming the coefficient of 
static friction to be (a) zero at A and 0.30 at B, (b) 0.25 at A and 
0.30 at B. 


8.19 The hydraulic cylinder shown exerts a force of 3 kN directed to 
the right on point B and to the left on point E. Determine the 
magnitude of the couple M required to rotate the drum clockwise 
at a constant speed. 


8.20 A couple M of magnitude 100 N - m is applied to the drum as om 


shown. Determine the smallest force that must be exerted by the Fig. P8.19 and P8.20 
hydraulic cylinder on joints B and E if the drum is not to rotate. 


8.21 A 6.5-m ladder AB leans against a wall as shown. Assuming that 
the coefficient of static friction jz, is zero at B, determine the small- 
est value of , at A for which equilibrium is maintained. 


8.22 A 6.5-m ladder AB leans against a wall as shown. Assuming that the 
coefficient of static friction wu, is the same at A and B, determine 
the smallest value of «2, for which equilibrium is maintained. 


8.23 and 8.24 End A ofa slender, uniform rod of length L and weight 
W bears on a surface as shown, while end B is supported by a cord 
BC. Knowing that the coefficients of friction are , = 0.40 and 
bx = 0.30, determine (a) the largest value of @ for which motion is 
impending, (b) the corresponding value of the tension in the cord. Lax 3 _ 

om 


Fig. P8.21 and P8.22 


Fig. P8.24 
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Fig. P8.25 


Fig. P8.27 


8.25 


8.26 


8.27 


A window sash weighing 10 lb is normally supported by two 5-lb 
sash weights. Knowing that the window remains open after one 
sash cord has broken, determine the smallest possible value of the 
coefficient of static friction. (Assume that the sash is slightly smaller 
than the frame and will bind only at points A and D.) 


A 500-N concrete block is to be lifted by the pair of tongs shown. 
Determine the smallest allowable value of the coefficient of static 
friction between the block and the tongs at F and G. 


500 N 


45 mm ‘745 mm 


Fig. P8.26 


The press shown is used to emboss a small seal at E. Knowing that 
the coefficient of static friction between the vertical guide and the 
embossing die D is 0.30, determine the force exerted by the die 
on the seal. 


The 100-mm-radius cam shown is used to control the motion of 
the plate CD. Knowing that the coefficient of static friction between 
the cam and the plate is 0.45 and neglecting friction at the roller 
supports, determine (a) the force P required to maintain the 
motion of the plate, knowing that the plate is 20 mm thick, (b) the 
largest thickness of the plate for which the mechanism is self lock- 
ing (i.e., for which the plate cannot be moved however large the 
force P may be). 


60 N 


100 mm 
\ 
L 
A 
100 mm 
Pp. oC a 
———| 


Fig. P8.28 


8.29 A slender rod of length L is lodged between peg C and the vertical Problems A'Q7 
wall and supports a load P at end A. Knowing that the coefficient 
of static friction is 0.20 at both B and C, find the range of values of 
the ratio L/a for which equilibrium is maintained. 


Fig. P8.29 


8.30 The 50-lb plate ABCD is attached at A and D to collars that can slide 
on the vertical rod. Knowing that the coefficient of static friction is 
0.40 between both collars and the rod, determine whether the plate 
is in equilibrium in the position shown when the magnitude of the Fig. P8.30 
vertical force applied at E is (a) P = 0, (b) P = 20 lb. 


8.31 In Prob. 8.30, determine the range of values of the magnitude P 
of the vertical force applied at E for which the plate will move 
downward. 


8.32 A pipe of diameter 60 mm is gripped by the stillson wrench shown. 
Portions AB and DE of the wrench are rigidly attached to each 
other, and portion CF is connected by a pin at D. If the wrench is 
to grip the pipe and be self-locking, determine the required mini- 
mum coefficients of friction at A and C. 


8.33 Solve Prob. 8.32 assuming that the diameter of the pipe is 30 mm. 


8.34 A 10-ft beam, weighing 1200 lb, is to be moved to the left onto 
the platform. A horizontal force P is applied to the dolly, which is 
mounted on frictionless wheels. The coefficients of friction between 
all surfaces are uw, = 0.30 and py = 0.25, and initially x = 2 ft. 
Knowing that the top surface of the dolly is slightly higher than 
the platform, determine the force P required to start moving the F\—>— 
beam. (Hint: The beam is supported at A and D.) 


ij 10 ft | Fig. P8.32 


Fig. P8.34 


8.35 (a) Show that the beam of Prob. 8.34 cannot be moved if the top 
surface of the dolly is slightly lower than the platform. (b) Show that 
the beam can be moved if two 175-Ib workers stand on the beam at 
B and determine how far to the left the beam can be moved. 


A28 Friction 8.36 Knowing that the coefficient of static friction between the collar 
and the rod is 0.35, determine the range of values of P for which 
equilibrium is maintained when @ = 50° and M = 20 N-: m. 


7 ea 100 mm 


Fig. P8.36 and P8.37 


8.37 Knowing that the coefficient of static friction between the collar 
and the rod is 0.40, determine the range of values of M for which 
equilibrium is maintained when @ = 60° and P = 200 N. 


8.38 The slender rod AB of length / = 600 mm is attached to a collar 
at B and rests on a small wheel located at a horizontal distance 
a = 80 mm from the vertical rod on which the collar slides. Know- 
ing that the coefficient of static friction between the collar and the 
vertical rod is 0.25 and neglecting the radius of the wheel, deter- 
mine the range of values of P for which equilibrium is maintained 
Fig. P8.38 when Q = 100 N and 6 = 30°. 


8.39 Two 10-lb blocks A and B are connected by a slender rod of neg- 
ligible weight. The coefficient of static friction is 0.30 between all 
surfaces of contact, and the rod forms an angle 8 = 30° with the 
vertical. (a) Show that the system is in equilibrium when P = 0. 
(b) Determine the largest value of P for which equilibrium is 
maintained. 


W=10lb 


Fig. P8.39 


8.40 Two identical uniform boards, each of weight 40 lb, are temporarily 
leaned against each other as shown. Knowing that the coefficient 
of static friction between all surfaces is 0.40, determine (a) the 
largest magnitude of the force P for which equilibrium will be 

Fig. P8.40 maintained, (b) the surface at which motion will impend. 


8.41 Two identical 5-ft-long rods connected by a pin at B are placed 8.5 Wedges ADQ 
between two walls and a horizontal surface as shown. Denoting by 
pb, the coefficient of static friction at A, B, and C, determine the 
smallest value of 2, for which equilibrium is maintained. 


8.42 Two 8-kg blocks A and B resting on shelves are connected by a rod 
of negligible mass. Knowing that the magnitude of a horizontal 3 4 
force P applied at C is slowly increased from zero, determine the 
value of P for which motion occurs, and what that motion is, when 
the coefficient of static friction between all surfaces is (a) wu, = 
0.40, (b) a, = 0.50. leaps 


Fig. P8.41 


Fig. P8.42 


8.43 A slender steel rod of length 225 mm is placed inside a pipe as 
shown. Knowing that the coefficient of static friction between the 
rod and the pipe is 0.20, determine the largest value of @ for which 
the rod will not fall into the pipe. 


8.44 In Prob. 8.43, determine the smallest value of 6 for which the rod 
will not fall out the pipe. 


8.45 Two slender rods of negligible weight are pin-connected at C and 
attached to blocks A and B, each of weight W. Knowing that 6 = 
80° and that the coefficient of static friction between the blocks Fig, P8.43 
and the horizontal surface is 0.30, determine the largest value of 
P for which equilibrium is maintained. 


Fig. P8.45 


8.5 WEDGES 


Wedges are simple machines used to raise large stone blocks and 
other heavy loads. These loads can be raised by applying to the 
wedge a force usually considerably smaller than the weight of the 
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F) =4;N) 


N) 


Fig. 8.8 


load. In addition, because of the friction between the surfaces in 
contact, a properly shaped wedge will remain in place after being 
forced under the load. Wedges can thus be used advantageously to 
make small adjustments in the position of heavy pieces of 
machinery. 

Consider the block A shown in Fig. 8.7a. This block rests 
against a vertical wall B and is to be raised slightly by forcing a wedge 
C between block A and a second wedge D. We want to find the 
minimum value of the force P which must be applied to the wedge 
C to move the block. It will be assumed that the weight W of the 
block is known, either given in pounds or determined in newtons 
from the mass of the block expressed in kilograms. 

The free-body diagrams of block A and of wedge C have been 
drawn in Fig. 8.7b and c. The forces acting on the block include its 
weight and the normal and friction forces at the surfaces of contact 
with wall B and wedge C. The magnitudes of the friction forces F, 
and F; are equal, respectively, to w,N, and su,N2 since the motion of 
the block must be started. It is important to show the friction forces 
with their correct sense. Since the block will move upward, the force 
F, exerted by the wall on the block must be directed downward. On 
the other hand, since the wedge C moves to the right, the relative 
motion of A with respect to C is to the left and the force F, exerted 
by C on A must be directed to the right. 

Considering now the free body C in Fig. 8.7c, we note that the 
forces acting on C include the applied force P and the normal and 
friction forces at the surfaces of contact with A and D. The weight 
of the wedge is small compared with the other forces involved and 
can be neglected. The forces exerted by A on C are equal and oppo- 
site to the forces Ny and F, exerted by C on A and are denoted, 
respectively, by —N» and —F,; the friction force —F, must therefore 
be directed to the left. We check that the force F3; exerted by D is 
also directed to the left. 

The total number of unknowns involved in the two free-body 
diagrams can be reduced to four if the friction forces are expressed 
in terms of the normal forces. Expressing that block A and wedge C 
are in equilibrium will provide four equations which can be solved 
to obtain the magnitude of P. It should be noted that in the example 
considered here, it will be more convenient to replace each pair of 
normal and friction forces by their resultant. Each free body is then 
subjected to only three forces, and the problem can be solved by 
drawing the corresponding force triangles (see Sample Prob. 8.4). 


8.6 SQUARE-THREADED SCREWS 


Square-threaded screws are frequently used in jacks, presses, and 
other mechanisms. Their analysis is similar to the analysis of a block 
sliding along an inclined plane. 

Consider the jack shown in Fig. 8.8. The screw carries a load 
W and is supported by the base of the jack. Contact between screw 
and base takes place along a portion of their threads. By applying a 
force P on the handle, the screw can be made to turn and to raise 
the load W. 


The thread of the base has been unwrapped and shown as a 
straight line in Fig. 8.9a. The correct slope was obtained by plotting 
horizontally the product 27r, where r is the mean radius of the thread, 
and vertically the lead L of the screw, i.e., the distance through which 
the screw advances in one turn. The angle 6 this line forms with the 
horizontal is the lead angle. Since the force of friction between two 
surfaces in contact does not depend upon the area of contact, a much 
smaller than actual area of contact between the two threads can be 
assumed, and the screw can be represented by the block shown in 
Fig. 8.9a. It should be noted, however, that in this analysis of the jack, 
the friction between cap and screw is neglected. 

The free-body diagram of the block should include the load W, 
the reaction R of the base thread, and a horizontal force Q having 
the same effect as the force P exerted on the handle. The force Q 
should have the same moment as P about the axis of the screw and 
its magnitude should thus be Q = Pa/r. The force Q, and thus the 
force P required to raise the load W, can be obtained from the free- 
body diagram shown in Fig. 8.9a. The friction angle is taken equal 
to , since the load will presumably be raised through a succession 
of short strokes. In mechanisms providing for the continuous rotation 
of a screw, it may be desirable to distinguish between the force 
required to start motion (using @,) and that required to maintain 
motion (using ¢y). 


K Derr 


8.6 Square-Threaded Screws A431 


Photo 8.2 Wedges are used as shown to split 
tree trunks because the normal forces exerted by 
the wedges on the wood are much larger than 
the forces required to insert the wedges. 


(a) Impending motion upward (b) Impending motion downward with ¢, > (c) Impending motion downward with ¢, <@ 


Fig. 8.9 Block-and-incline analysis of a screw. 


If the friction angle 4, is larger than the lead angle 0, the screw 
is said to be self-locking; it will remain in place under the load. 
To lower the load, we must then apply the force shown in Fig. 8.9b. 
If ¢, is smaller than 0, the screw will unwind under the load; it 
is then necessary to apply the force shown in Fig. 8.9c to maintain 
equilibrium. 

The lead of a screw should not be confused with its pitch. The 
lead was defined as the distance through which the screw advances 
in one turn; the pitch is the distance measured between two consecu- 
tive threads. While lead and pitch are equal in the case of single- 
threaded screws, they are different in the case of multiple-threaded 
screws, i.e., screws having several independent threads. It is easily 
verified that for double-threaded screws, the lead is twice as large 
as the pitch; for triple-threaded screws, it is three times as large as 
the pitch; etc. 


SAMPLE PROBLEM 8.4 


The position of the machine block B is adjusted by moving the wedge A. 
Knowing that the coefficient of static friction is 0.35 between all surfaces of 
contact, determine the force P required (a) to raise block B, (b) to lower 
block B. 


( SOLUTION 


For each part, the free-body diagrams of block B and wedge A are drawn, 
together with the corresponding force triangles, and the law of sines is 
used to find the desired forces. We note that since w, = 0.35, the angle of 
friction is 


97,3° DSi (Oe = ese 


400 Ib 


R, 
180° — 27.3°— 109.3° : 
~ 43,4° a. Force P to Raise Block 
90° + 19.3° Be 
 100.3° Free Body: Block B 
SOOT ae R, 400 Ib 
Be sin 109.3° sin 43.4° 
p 90°-19.3° = 70.7° R, = 549|b 
R, = 549 lb 
pe 
273° A Free Body: Wedge A 
549 Ib 8 
DIRE 2. Tee P _ _549 Ib 
= 46.6° sin 46.6° sin 70.7° 


P = 423 |b P=423lb< <4 


90° — 19.3° = 70.7° 
b. Force P to Lower Block 


Free Body: Block B 


R, 400 Ib 
sin 70.7° sin 98.0° 


Free Body: Wedge A 


90° — 19.3° = 70.7° Ie nm 381 lb 
P sin 30.6° sin 70.7° 
Peas? P = 206 Ib P = 206lb> <4 
R,W19.3° + 11.3° 
= 30.6° 


SE a Tad 


SSSs 


ne =4mm 


@, = 16.7° 


x— 2arr = 1077 mm ———> 


0+ o, = 24.0° 


— {n=4mm 


@, = 16.7° 


2ar = 107 mm———> 


W = 17.97 kN 


SAMPLE PROBLEM 8.5 


A clamp is used to hold two pieces of wood together as shown. The clamp 
has a double square thread of mean diameter equal to 10 mm with a pitch 
of 2 mm. The coefficient of friction between threads is uw, = 0.30. If a 
maximum couple of 40 N - m is applied in tightening the clamp, determine 
(a) the force exerted on the pieces of wood, (b) the couple required to 
loosen the clamp. 


SOLUTION 


a. Force Exerted by Clamp. The mean radius of the screw is r = 5 mm. 
Since the screw is double-threaded, the lead L is equal to twice the pitch: 
L = 2(2 mm) = 4 mm. The lead angle @ and the friction angle ¢, are 
obtained by writing 

ib, 4mm 
Qnr  10amm 
tan d, = p, = 0.30 


tan @ = = 0.1273 0 = 7.3° 


$, = 16.7° 


The force Q which should be applied to the block representing the screw 
is obtained by expressing that its moment Qr about the axis of the screw is 
equal to the applied couple. 
Q(5mm) = 40N-m 
40N:-m 
C= 


5mm 


40N-m 
5 xX 10°°m 


= 8000 N = 8kN 


The free-body diagram and the corresponding force triangle can now be 
drawn for the block; the magnitude of the force W exerted on the pieces 
of wood is obtained by solving the triangle. 
Q 8kN 
~ tan(@+¢,) tan 24.0° 


W=1797kN <4 


b. Couple Required to Loosen Clamp. The force Q required to loosen 
the clamp and the corresponding couple are obtained from the free-body 
diagram and force triangle shown. 


Q = W tan (¢, — 0) = (17.97 kN) tan 9.4° 
= 2.975 kN 
Couple = Qr = (2.975 kN)(5 mm) 
= (2.975 X 10° N)\(5 X 10° m) = 1487N-m 


Couple = 14.87 N - m < 
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SOLVING PROBLEMS 
UN TOUR OWN 


lk this lesson you learned to apply the laws of friction to the solution of problems 
involving wedges and square-threaded screws. 


1. Wedges. Keep the following in mind when solving a problem involving a 
wedge: 

a. First draw a free-body diagram of the wedge and of all the other 
bodies involved. Carefully note the sense of the relative motion of all surfaces of 
contact and show each friction force acting in a direction opposite to the direction 
of that relative motion. 

b. Show the maximum static friction force F,, at each surface if the wedge 
is to be inserted or removed, since motion will be impending in each of these 
cases. 

c. The reaction R and the angle of friction, rather than the normal force and 
the friction force, can be used in many applications. You can then draw one or 
more force triangles and determine the unknown quantities either graphically or 
by trigonometry [Sample Prob. 8.4]. 


2. Square-Threaded Screws. The analysis of a square-threaded screw is equiva- 
lent to the analysis of a block sliding on an incline. To draw the appropriate incline, 
you should unwrap the thread of the screw and represent it by a straight line 
[Sample Prob. 8.5]. When solving a problem involving a square-threaded screw, 
keep the following in mind: 

a. Do not confuse the pitch of a screw with the lead of a screw. The pitch 
of a screw is the distance between two consecutive threads, while the lead of a 
screw is the distance the screw advances in one full turn. The lead and the pitch 
are equal only in single-threaded screws. In a double-threaded screw, the lead is 
twice the pitch. 

b. The couple required to tighten a screw is different from the couple 
required to loosen it. Also, screws used in jacks and clamps are usually self- 
locking; that is, the screw will remain stationary as long as no couple is applied to 
it, and a couple must be applied to the screw to loosen it [Sample Prob. 8.5]. 


8.46 


8.47 


8.48 


8.50 


PROBLEMS 


The machine part ABC is supported by a frictionless hinge at B 
and a 10° wedge at C. Knowing that the coefficient of static friction 
is 0.20 at both surfaces of the wedge, determine (a) the force P 
required to move the wedge to the left, (b) the components of the 
corresponding reaction at B. 


Solve Prob. 8.46 assuming that the wedge is to be moved to the 
right. 


and 8.49 Two 8° wedges of negligible weight are used to 
move and position the 800-kg block. Knowing that the coeffi- 
cient of static friction is 0.30 at all surfaces of contact, determine 
the smallest force P that should be applied as shown to one of 
the wedges. 


Fig. P8.48 


and 8.51 The elevation of the end of the steel beam supported 
by a concrete floor is adjusted by means of the steel wedges E and 
F. The base plate CD has been welded to the lower flange of the 
beam, and the end reaction of the beam is known to be 100 kN. 
The coefficient of static friction is 0.30 between two steel surfaces 
and 0.60 between steel and concrete. If the horizontal motion of 
the beam is prevented by the force Q, determine (a) the force P 
required to raise the beam, (b) the corresponding force Q. 


Fig. P8.50 
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Fig. P8.46 


Fig. P8.49 


Fig. P8.51 
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8.53 


8.54 


8.55 


Fig. P8.53, P8.54, and P8.55 


8.56 


8.57 


Fig. P8.57 


A wedge A of negligible weight is to be driven between two 100-lb 
plates B and C. The coefficient of static friction between all sur- 
faces of contact is 0.35. Determine the magnitude of the force P 
required to start moving the wedge (a) if the plates are equally 
free to move, (b) if plate C is securely bolted to the surface. 


B 100 1b 100 lb C 


Fig. P8.52 


Block A supports a pipe column and rests as shown on wedge B. 
Knowing that the coefficient of static friction at all surfaces of 
contact is 0.25 and that 9 = 45°, determine the smallest force P 
required to raise block A. 


Block A supports a pipe column and rests as shown on wedge B. 
Knowing that the coefficient of static friction at all surfaces of 
contact is 0.25 and that 0 = 45°, determine the smallest force P 
for which equilibrium is maintained. 


Block A supports a pipe column and rests as shown on wedge B. 
The coefficient of static friction at all surfaces of contact is 0.25. 
If P = 0, determine (a) the angle 6 for which sliding is impend- 
ing, (b) the corresponding force exerted on the block by the verti- 
cal wall. 


A 12° wedge is used to spread a split ring. The coefficient of static 
friction between the wedge and the ring is 0.30. Knowing that a 
force P of magnitude 25 lb was required to insert the wedge, deter- 
mine the magnitude of the forces exerted on the ring by the wedge 
after insertion. 


Fig. P8.56 


A 10° wedge is to be forced under end B of the 5-kg rod AB. 
Knowing that the coefficient of static friction is 0.40 between the 
wedge and the rod and 0.20 between the wedge and the floor, 
determine the smallest force P required to raise end B of the rod. 
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8.61 


8.62 


8.63 


*8.64 


A 10° wedge is used to split a section of a log. The coefficient of 
static friction between the wedge and the log is 0.35. Knowing that 
a force P of magnitude 600 Ib was required to insert the wedge, 
determine the magnitude of the forces exerted on the wood by the 
wedge after insertion. 


A conical wedge is placed between two horizontal plates that are 
then slowly moved toward each other. Indicate what will happen 
to the wedge (a) if w, = 0.20, (b) if uw, = 0.30. 


é 


V 


25" 
Fig. P8.59 


A 15° wedge is forced under a 50-kg pipe as shown. The coefficient 
of static friction at all surfaces is 0.20. (a) Show that slipping will 
occur between the pipe and the vertical wall. (b) Determine the 
force P required to move the wedge. 


A 15° wedge is forced under a 50-kg pipe as shown. Knowing that 
the coefficient of static friction at both surfaces of the wedge is 0.20, 
determine the largest coefficient of static friction between the pipe 
and the vertical wall for which slipping will occur at A. 


An 8° wedge is to be forced under a machine base at B. Knowing 
that the coefficient of static friction at all surfaces of contact is 0.15, 
(a) determine the force P required to move the wedge, (b) indicate 
whether the machine base will slide on the floor. 


400 Ib 


Fig. P8.62 


Solve Prob. 8.62 assuming that the wedge is to be forced under 
the machine base at A instead of B. 


A 200-N block rests as shown on a wedge of negligible weight. The 
coefficient of static friction 1, is the same at both surfaces of the 
wedge, and friction between the block and the vertical wall may 
be neglected. For P = 100 N, determine the value of y, for which 
motion is impending. (Hint: Solve the equation obtained by trial 
and error.) 


Fig. P8.58 


Fig. P8.60 and P8.61 


Fig. P8.64 
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8.66 


8.67 


Fig. P8.64 (repeated) 


8.68 


8.69 


Fig. P8.69 


8.70 


Solve Prob. 8.64 assuming that the rollers are removed and that , 
is the coefficient of friction at all surfaces of contact. 


Derive the following formulas relating the load W and the force P 
exerted on the handle of the jack discussed in Sec. 8.6. (a) P = 
(Wr/a) tan (@ + @,), to raise the load; (b) P = (Wr/a) tan (@, — 4), to 
lower the load if the screw is self-locking; (c) P = (Wr/a) tan (0 — ,), 
to hold the load if the screw is not self-locking. 


The square-threaded worm gear shown has a mean radius of 
1.5 in. and a lead of 0.375 in. The large gear is subjected to a 
constant clockwise couple of 7.2 kip - in. Knowing that the coef- 
ficient of static friction between the two gears is 0.12, determine 
the couple that must be applied to shaft AB in order to rotate the 
large gear counterclockwise. Neglect friction in the bearings at A, 
B, and C. 


7.2 kip-in. 


A = =| = = 
Tl 


Fig. P8.67 


In Prob. 8.67, determine the couple that must be applied to shaft 
AB in order to rotate the large gear clockwise. 


High-strength bolts are used in the construction of many steel 
structures. For a 24-mm-nominal-diameter bolt the required mini- 
mum bolt tension is 210 kN. Assuming the coefficient of friction 
to be 0.40, determine the required couple that should be applied 
to the bolt and nut. The mean diameter of the thread is 22.6 mm, 
and the lead is 3 mm. Neglect friction between the nut and washer, 
and assume the bolt to be square-threaded. 


The ends of two fixed rods A and B are each made in the form of 
a single-threaded screw of mean radius 6 mm and pitch 2 mm. 
Rod A has a right-handed thread and rod B has a left-handed 
thread. The coefficient of static friction between the rods and 
the threaded sleeve is 0.12. Determine the magnitude of the cou- 
ple that must be applied to the sleeve in order to draw the rods 
closer together. 


Fig. P8.70 


8.71 Assuming that in Prob. 8.70 a right-handed thread is used on both 
rods A and B, determine the magnitude of the couple that must 
be applied to the sleeve in order to rotate it. 


8.72 In the machinist’s vise shown, the movable jaw D is rigidly attached 
to the tongue AB that fits loosely into the fixed body of the vise. 
The screw is single-threaded into the fixed base and has a mean 
diameter of 0.75 in. and a pitch of 0.25 in. The coefficient of static 
friction is 0.25 between the threads and also between the tongue 
and the body. Neglecting bearing friction between the screw and 
the movable head, determine the couple that must be applied to 
the handle in order to produce a clamping force of 1 kip. 


Fig. P8.72 


8.73 In Prob. 8.72, a clamping force of 1 kip was obtained by tightening 
the vise. Determine the couple that must be applied to the screw 
to loosen the vise. 


8.74 In the gear-pulling assembly shown the square-threaded screw AB 
has a mean radius of 15 mm and a lead of 4 mm. Knowing that 
the coefficient of static friction is 0.10, determine the couple that 
must be applied to the screw in order to produce a force of 3 kN 
on the gear. Neglect friction at end A of the screw. 


*8.7. JOURNAL BEARINGS. AXLE FRICTION 


Journal bearings are used to provide lateral support to rotating shafts 
and axles. Thrust bearings, which will be studied in the next section, 
are used to provide axial support to shafts and axles. If the journal 
bearing is fully lubricated, the frictional resistance depends upon 
the speed of rotation, the clearance between axle and bearing, and 
the viscosity of the lubricant. As indicated in Sec. 8.1, such problems 
are studied in fluid mechanics. The methods of this chapter, how- 
ever, can be applied to the study of axle friction when the bearing 
is not lubricated or only partially lubricated. It can then be assumed 
that the axle and the bearing are in direct contact along a single 
straight line. 

Consider two wheels, each of weight W, rigidly mounted on an 
axle supported symmetrically by two journal bearings (Fig. 8.10a). If 
the wheels rotate, we find that to keep them rotating at constant speed, 
it is necessary to apply to each of them a couple M. The free-body 
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diagram in Fig. 8.10c represents one of the wheels and the corre- 
sponding half axle in projection on a plane perpendicular to the axle. 
The forces acting on the free body include the weight W of the 
wheel, the couple M required to maintain its motion, and a force R 
representing the reaction of the bearing. This force is vertical, equal, 
and opposite to W but does not pass through the center O of the 
axle; R is located to the right of O at a distance such that its moment 
about O balances the moment M of the couple. Therefore, contact 
between the axle and bearing does not take place at the lowest 
point A when the axle rotates. It takes place at point B (Fig. 8.10b) or, 
rather, along a straight line intersecting the plane of the figure at B. 
Physically, this is explained by the fact that when the wheels are set 
in motion, the axle “climbs” in the bearings until slippage occurs. 
After sliding back slightly, the axle settles more or less in the position 
shown. This position is such that the angle between the reaction R 
and the normal to the surface of the bearing is equal to the angle of 
kinetic friction @;. The distance from O to the line of action of R is 
thus r sin ¢,, where r is the radius of the axle. Writing that 2Mo = 0 
for the forces acting on the free body considered, we obtain the 
magnitude of the couple M required to overcome the frictional resis- 
tance of one of the bearings: 


M = Rr sin dy (8.5) 


Observing that, for small values of the angle of friction, sin ¢; can be 
replaced by tan ¢,, that is, by ux, we write the approximate formula 


M = Rrpy (8.6) 


In the solution of certain problems, it may be more convenient to let 
the line of action of R pass through O, as it does when the axle does 
not rotate. A couple —M of the same magnitude as the couple M but 
of opposite sense must then be added to the reaction R (Fig. 8.10d). 
This couple represents the frictional resistance of the bearing. 

In case a graphical solution is preferred, the line of action of R 
can be readily drawn (Fig. 8.10e) if we note that it must be tangent 
to a circle centered at O and of radius 


rp =r sin db ~ rue (8.7) 


This circle is called the circle of friction of the axle and bearing and 
is independent of the loading conditions of the axle. 


*8.8 THRUST BEARINGS. DISK FRICTION 


Two types of thrust bearings are used to provide axial support to 
rotating shafts and axles: (1) end bearings and (2) collar bearings 
(Fig. 8.11). In the case of collar bearings, friction forces develop 
between the two ring-shaped areas which are in contact. In the case 
of end bearings, friction takes place over full circular areas, or over 
ring-shaped areas when the end of the shaft is hollow. Friction 
between circular areas, called disk friction, also occurs in other 
mechanisms, such as disk clutches. 


(a) End bearing (b) Collar bearing 
Fig. 8.11 Thrust bearings. 


To obtain a formula which is valid in the most general case of 
disk friction, let us consider a rotating hollow shaft. A couple M keeps 
the shaft rotating at constant speed while a force P maintains it in 
contact with a fixed bearing (Fig. 8.12). Contact between the shaft and 


Fig. 8.12 
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the bearing takes place over a ring-shaped area of inner radius R, and 
outer radius Ry. Assuming that the pressure between the two surfaces 
in contact is uniform, we find that the magnitude of the normal force 
AN exerted on an element of area AA is AN = P AA/A, where A = 
a(R — Rj), and that the magnitude of the friction force AF acting 
on AA is AF = yp; AN. Denoting by r the distance from the axis of 
the shaft to the element of area AA, we express the magnitude AM 
of the moment of AF about the axis of the shaft as follows: 


The equilibrium of the shaft requires that the moment M of the 
couple applied to the shaft be equal in magnitude to the sum of the 
moments of the friction forces AF. Replacing AA by the infinitesimal 
element dA = r dé dr used with polar coordinates, and integrating 
over the area of contact, we thus obtain the following expression for 
the magnitude of the couple M required to overcome the frictional 
resistance of the bearing: 


pyP 27 7Re ; 
M = a (R2 — R2) / dr dg 
Tits I) Jo YR, 

2Qar 

MyP 7 : ‘ 

= aia ay, RE Ba 

2 10) 

R3 — R? 
M = 2u,P———;} 8.8 


When contact takes place over a full circle of radius R, formula 
(8.8) reduces to 


M = u,PR (8.9) 


The value of M is then the same as would be obtained if contact 
between shaft and bearing took place at a single point located at a 
distance 2R/3 from the axis of the shaft. 

The largest couple which can be transmitted by a disk clutch 
without causing slippage is given by a formula similar to (8.9), where 
fx has been replaced by the coefficient of static friction py. 


*8.9 WHEEL FRICTION. ROLLING RESISTANCE 


The wheel is one of the most important inventions of our civilization. 
Its use makes it possible to move heavy loads with relatively little 
effort. Because the point of the wheel in contact with the ground at 
any given instant has no relative motion with respect to the ground, 
the wheel eliminates the large friction forces which would arise if 
the load were in direct contact with the ground. However, some 
resistance to the wheel’s motion exists. This resistance has two dis- 
tinct causes. It is due (1) to a combined effect of axle friction and 
friction at the rim and (2) to the fact that the wheel and the ground 


deform, with the result that contact between wheel and ground takes 
place over a certain area, rather than at a single point. 

To understand better the first cause of resistance to the motion 
of a wheel, let us consider a railroad car supported by eight wheels 
mounted on axles and bearings. The car is assumed to be moving to 
the right at constant speed along a straight horizontal track. The free- 
body diagram of one of the wheels is shown in Fig. 8.13a. The forces 
acting on the free body include the load W supported by the wheel 
and the normal reaction N of the track. Since W is drawn through 
the center O of the axle, the frictional resistance of the bearing should 
be represented by a counterclockwise couple M (see Sec. 8.7). To 
keep the free body in equilibrium, we must add two equal and oppo- 
site forces P and F, forming a clockwise couple of moment —M. The 
force F is the friction force exerted by the track on the wheel, and P 
represents the force which should be applied to the wheel to keep it 
rolling at constant speed. Note that the forces P and F would not 
exist if there were no friction between wheel and track. The couple M 
representing the axle friction would then be zero; the wheel would 
slide on the track without turning in its bearing. 

The couple M and the forces P and F also reduce to zero when 
there is no axle friction. For example, a wheel which is not held in 
bearings and rolls freely and at constant speed on horizontal ground 
(Fig. 8.13b) will be subjected to only two forces: its own weight W 
and the normal reaction N of the ground. Regardless of the value of 
the coefficient of friction between wheel and ground no friction 
force will act on the wheel. A wheel rolling freely on horizontal 
ground should thus keep rolling indefinitely. 

Experience, however, indicates that the wheel will slow down 
and eventually come to rest. This is due to the second type of resis- 
tance mentioned at the beginning of this section, known as the roll- 
ing resistance. Under the load W, both the wheel and the ground 
deform slightly, causing the contact between wheel and ground to 
take place over a certain area. Experimental evidence shows that the 
resultant of the forces exerted by the ground on the wheel over this 
area is a force R applied at a point B, which is not located directly 
under the center O of the wheel, but slightly in front of it (Fig. 8.13c). 
To balance the moment of W about B and to keep the wheel rolling 
at constant speed, it is necessary to apply a horizontal force P at the 
center of the wheel. Writing 2M, = 0, we obtain 


Pr = Wb (8.10) 


where r = radius of wheel 
b = horizontal distance between O and B 


The distance b is commonly called the coefficient of rolling resis- 
tance. It should be noted that b is not a dimensionless coefficient 
since it represents a length; b is usually expressed in inches or in 
millimeters. The value of b depends upon several parameters in a 
manner which has not yet been clearly established. Values of the 
coefficient of rolling resistance vary from about 0.01 in. or 0.25 mm 
for a steel wheel on a steel rail to 5.0 in. or 125 mm for the same 
wheel on soft ground. 
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(a) Effect of axle friction 
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(b) Free wheel 


b 


| 
1 | 
2 4 
|b | 
I 


(c) Rolling resistance 


Fig. 8.13 


W = 500 lb 
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W =500 lb 
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W = 500 lb 


W = 500 lb 
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SAMPLE PROBLEM 8.6 


A pulley of diameter 4 in. can rotate about a fixed shaft of diameter 2 in. 
The coefficient of static friction between the pulley and shaft is 0.20. Deter- 
mine (a) the smallest vertical force P required to start raising a 500-lb load, 
(b) the smallest vertical force P required to hold the load, (c) the smallest 
horizontal force P required to start raising the same load. 


SOLUTION 


a. Vertical Force P Required to Start Raising the Load. When the forces 
in both parts of the rope are equal, contact between the pulley and shaft 
takes place at A. When P is increased, the pulley rolls around the shaft 
slightly and contact takes place at B. The free-body diagram of the pulley 
when motion is impending is drawn. The perpendicular distance from the 
center O of the pulley to the line of action of R is 


i = (in. 0:20) = 0/201 in. 


rp = r sin b, ~ rH, 
Summing moments about B, we write 


+) =Mz = 0: (2.20 in.)(500 Ib) — (1.80 in.)P = 0 


P = 611 |b P=6lllb|) < 


b. Vertical Force P to Hold the Load. As the force P is decreased, the 
pulley rolls around the shaft and contact takes place at C. Considering the 
pulley as a free body and summing moments about C, we write 


+5 2Mc = 0: (1.80 in.)(500 Ib) — (2.20 in.)P = 0 


P = 409 lb P=409lb) < 


c. Horizontal Force P to Start Raising the Load. Since the three forces 
W, P, and R are not parallel, they must be concurrent. The direction of R 
is thus determined from the fact that its line of action must pass through 
the point of intersection D of W and P, and must be tangent to the circle 
of friction. Recalling that the radius of the circle of friction is rg = 0.20 in., 
we write 


OE 0.20 in. 
OP (2in,)V2 
From the force triangle, we obtain 


P = W cot (45° — 0) = (500 lb) cot 40.9° 
= 577 |b = ial) 


= 0.0707 0 = 4.1° 


sin@ = 


SOLVING PROBLEMS 
YN TOUR OWN 


Li this lesson you learned about several additional engineering applications of 
the laws of friction. 


1. Journal bearings and axle friction. In journal bearings, the reaction does not 
pass through the center of the shaft or axle which is being supported. The distance 
from the center of the shaft or axle to the line of action of the reaction (Fig. 8.10) 
is defined by the equation. 


rp =r sin dy ~ rpg 
if motion is actually taking place, and by the equation 


re =r sin dh, ~ Ths 


if the motion is impending. 


Once you have determined the line of action of the reaction, you can draw a free- 
body diagram and use the corresponding equations of equilibrium to complete 
your solution [Sample Prob. 8.6]. In some problems, it is useful to observe that 
the line of action of the reaction must be tangent to a circle of radius te = Vie 
or ry ~ rp, known as the circle of friction [Sample Prob. 8.6, part c]. 


2. Thrust bearings and disk friction. In a thrust bearing the magnitude of the 
couple required to overcome frictional resistance is equal to the sum of the moments 
of the kinetic friction forces exerted on the elements of the end of the shaft 
[Eqs. (8.8) and (8.9)]. 


An example of disk friction is the disk clutch. It is analyzed in the same way as a 
thrust bearing, except that to determine the largest couple that can be transmitted, 
you must compute the sum of the moments of the maximum static friction forces 
exerted on the disk. 


3. Wheel friction and rolling resistance. You saw that the rolling resistance of 
a wheel is caused by deformations of both the wheel and the ground. The line of 
action of the reaction R of the ground on the wheel intersects the ground at a 
horizontal distance b from the center of the wheel. The distance b is known as 
the coefficient of rolling resistance and is expressed in inches or millimeters. 


4. In problems involving both rolling resistance and axle friction, your free- 
body diagram should show that the line of action of the reaction R of the ground 
on the wheel is tangent to the friction circle of the axle and intersects the ground 
at a horizontal distance from the center of the wheel equal to the coefficient of 
rolling resistance. 
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8.75 


8.76 


Fig. P8.76 and P8.78 


8.78 


8.80 
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A 6-in.-radius pulley of weight 5 Ib is attached to a 1.5-in.-radius 
shaft that fits loosely in a fixed bearing. It is observed that the 
pulley will just start rotating if a 0.5-Ib weight is added to block A. 
Determine the coefficient of static friction between the shaft and 
the bearing. 


and 8.77 The double pulley shown is attached to a 10-mm- 
radius shaft that fits loosely in a fixed bearing. Knowing that the 
coefficient of static friction between the shaft and the poorly lubri- 
cated bearing is 0.40, determine the magnitude of the force P 
required to start raising the load. 


Fig. P8.77 and P8.79 


and 8.79 The double pulley shown is attached to a 10-mm- 
radius shaft that fits loosely in a fixed bearing. Knowing that the 
coefficient of static friction between the shaft and the poorly lubri- 
cated bearing is 0.40, determine the magnitude of the smallest 
force P required to maintain equilibrium. 


75 mm 


- 150 mm—~>|~< 100 Pik 


Fig. P8.80 


A lever of negligible weight is loosely fitted onto a 75-mm-diameter 
fixed shaft. It is observed that the lever will just start rotating if a 
3-kg mass is added at C. Determine the coefficient of static friction 
between the shaft and the lever. 


8.81 


8.82 


8.83 


8.84 


8.86 


8.88 


8.89 


The block and tackle shown are used to raise a 150-Ib load. Each of 
the 3-in.-diameter pulleys rotates on a 0.5-in.-diameter axle. Know- 
ing that the coefficient of static friction is 0.20, determine the ten- 
sion in each portion of the rope as the load is slowly raised. 


The block and tackle shown are used to lower a 150-Ib load. Each of 
the 3-in.-diameter pulleys rotates on a 0.5-in.-diameter axle. Knowing 
that the coefficient of static friction is 0.20, determine the tension in 
each portion of the rope as the load is slowly lowered. 


A loaded railroad car has a mass of 30 Mg and is supported by 
eight 800-mm-diameter wheels with 125-mm-diameter axles. 
Knowing that the coefficients of friction are w, = 0.020 and py = 
0.015, determine the horizontal force required (a) to start the car 
moving, (b) to keep the car moving at a constant speed. Neglect 
rolling resistance between the wheels and the track. 


and 8.85 A lever AB of negligible weight is loosely fitted onto 
a 2.5-in.-diameter fixed shaft. Knowing that the coefficient of static 
friction between the fixed shaft and the lever is 0.15, determine 
the force P required to start the lever rotating counterclockwise. 


2.5 in. 


Fig. P8.84 and P8.86 


and 8.87 A lever AB of negligible weight is loosely fitted onto 
a 2.5-in.-diameter fixed shaft. Knowing that the coefficient of static 
friction between the fixed shaft and the lever is 0.15, determine 
the force P required to start the lever rotating clockwise. 


The link arrangement shown is frequently used in highway bridge 
construction to allow for expansion due to changes in temperature. 
At each of the 60-mm-diameter pins A and B the coefficient of 
static friction is 0.20. Knowing that the vertical component of the 
force exerted by BC on the link is 200 kN, determine (a) the hori- 
zontal force that should be exerted on beam BC to just move the 
link, (b) the angle that the resulting force exerted by beam BC on 
the link will form with the vertical. 


A scooter is to be designed to roll down a 2 percent slope at a 
constant speed. Assuming that the coefficient of kinetic friction 
between the 25-mm-diameter axles and the bearings is 0.10, deter- 
mine the required diameter of the wheels. Neglect the rolling 
resistance between the wheels and the ground. 


150 Ib 
Fig. P8.81 and P8.82 


Fig. P8.88 
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4kN 8.91 


*8.92 


Fig. P8.91 
*8.93 


*8.94 


Fig. P8.94 8.95 


+, 8.96 


OOO OOo 


Fig. P8.96 


A 50-lb electric floor polisher is operated on a surface for which 
the coefficient of kinetic friction is 0.25. Assuming that the normal 
force per unit area between the disk and the floor is uniformly 
distributed, determine the magnitude Q of the horizontal forces 
required to prevent motion of the machine. 


Fig. P8.90 


Knowing that a couple of magnitude 30 N - m is required to start 
the vertical shaft rotating, determine the coefficient of static fric- 
tion between the annular surfaces of contact. 


The frictional resistance of a thrust bearing decreases as the shaft 
and bearing surfaces wear out. It is generally assumed that the 
wear is directly proportional to the distance traveled by any given 
point of the shaft and thus to the distance r from the point to the 
axis of the shaft. Assuming, then, that the normal force per unit 
area is inversely proportional to r, show that the magnitude M of 
the couple required to overcome the frictional resistance of a worn- 
out end bearing (with contact over the full circular area) is equal 
to 75 percent of the value given by Eq. (8.9) for a new bearing. 


Assuming that bearings wear out as indicated in Prob. 8.92, show 
that the magnitude M of the couple required to overcome the 
frictional resistance of a worn-out collar bearing is 


M = 5px P(R, + Re) 


where P = magnitude of the total axial force 
Ry, Ry = inner and outer radii of collar 


Assuming that the pressure between the surfaces of contact is uni- 
form, show that the magnitude M of the couple required to over- 
come frictional resistance for the conical bearing shown is 


2 bP R3 — Ri 
3 sin @ R3 — Rt 


Solve Prob. 8.90 assuming that the normal force per unit area 
between the disk and the floor varies linearly from a maximum at 
the center to zero at the circumference of the disk. 


A 900-kg machine base is rolled along a concrete floor using a 
series of steel pipes with outside diameters of 100 mm. Knowing 
that the coefficient of rolling resistance is 0.5 mm between the 
pipes and the base and 1.25 mm between the pipes and the 
concrete floor, determine the magnitude of the force P required 
to slowly move the base along the floor. 


8.97 Knowing that a 6-in.-diameter disk rolls at a constant velocity down 
a 2 percent incline, determine the coefficient of rolling resistance 
between the disk and the incline. 


8.98 Determine the horizontal force required to move a 2500-Ib 
automobile with 23-in.-diameter tires along a horizontal road at 
aconstant speed. Neglect all forms of friction except rolling 
resistance, and assume the coefficient of rolling resistance to 
be 0.05 in. 


8.99 Solve Prob. 8.83 including the effect of a coefficient of rolling 
resistance of 0.5 mm. 


8.100 Solve Prob. 8.89 including the effect of a coefficient of rolling 
resistance of 1.75 mm. 


8.10 BELT FRICTION 


Consider a flat belt passing over a fixed cylindrical drum (Fig. 8.14a). 
We propose to determine the relation existing between the values T, 
and T» of the tension in the two parts of the belt when the belt is 
just about to slide toward the right. 

Let us detach from the belt a small element PP’ subtending 
an angle A@. Denoting by T the tension at P and by T + AT the 
tension at P’, we draw the free-body diagram of the element of the 
belt (Fig. 8.14b). Besides the two forces of tension, the forces acting 
on the free body are the normal component AN of the reaction of 
the drum and the friction force AF. Since motion is assumed to be 
impending, we have AF = yp, AN. It should be noted that if A@ is 
made to approach zero, the magnitudes AN and AF, and the differ- 
ence AT between the tension at P and the tension at P’, will also 
approach zero; the value T of the tension at P, however, will remain 
unchanged. This observation helps in understanding our choice of 
notations. 

Choosing the coordinate axes shown in Fig. 8.14b, we write the 
equations of equilibrium for the element PP’: 


AO A 
=F, = 0: (T + AT) cos 9 T cos BAN = 0 (8.11) 


A@ A@ 
= 0: AN — (T + AT) sin > — Tsin— = 0 (8.12) 


=F 
2 


y 


Solving Eq. (8.12) for AN and substituting into (8.11), we obtain after 
reductions 


Aé Aé 
AT cos oo b(2T + AT) sin ae = 0 


Both terms are now divided by AQ. For the first term, this is done 
simply by dividing AT by A@. The division of the second term is 
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Fig. 8.14 


450 Friction 


Fig. 8.14a_ (repeated) 
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Photo 8.3 By wrapping the rope around the 
bollard, the force exerted by the worker to control 
the rope is much smaller than the tension in the taut 
portion of the rope. 


carried out by dividing the terms in the parentheses by 2 and the 
sine by A6/2. We write 


ae a 2 A@/2 


AT  A@ ( ar) sin(A6/2) 

fil FP ag 

If we now let A@ approach 0, the cosine approaches 1 and AT/2 
approaches zero, as noted above. The quotient of sin (A@/2) over A6/2 
approaches 1, according to a lemma derived in all calculus textbooks. 
Since the limit of AT/A@ is by definition equal to the derivative dT/d6, 


we write 


& ~ wt = 0 a = bdo 


Both members of the last equation (Fig. 8.14a) will now be inte- 
grated from P, to P:. At P;, we have 6 = 0 and T = Tj; at Po, we 
have 6 = B and T = T,. Integrating between these limits, we write 


ar a 
aan a 


Ty 


InT, — nT, = »,8 


or, noting that the left-hand member is equal to the natural logarithm 
of the quotient of T, and T), 


i 
In— = p,B (8.13) 
T 


This relation can also be written in the form 


Ts MB 
== oe 14 
T, e (8.14) 


The formulas we have derived apply equally well to problems involv- 
ing flat belts passing over fixed cylindrical drums and to problems 
involving ropes wrapped around a post or capstan. They can also be 
used to solve problems involving band brakes. In such problems, it 
is the drum which is about to rotate, while the band remains fixed. 
The formulas can also be applied to problems involving belt drives. 
In these problems, both the pulley and the belt rotate; our concern 
is then to find whether the belt will slip, ie., whether it will move 
with respect to the pulley. 


Formulas (8.13) and (8.14) should be used only if the belt, 8.10 Belt Friction AH] 
rope, or brake is about to slip. Formula (8.14) will be used if T; or 
T, is desired; formula (8.13) will be preferred if either uw, or the 
angle of contact B is desired. We should note that T, is always 
larger than T); T; therefore represents the tension in that part of 
the belt or rope which pulls, while T, is the tension in the part 
which resists. We should also observe that the angle of contact B 
must be expressed in radians. The angle B may be larger than 277; 
for example, if a rope is wrapped n times around a post, B is equal 
to 27n. 

If the belt, rope, or brake is actually slipping, formulas similar 
to (8.13) and (8.14), but involving the coefficient of kinetic friction 
Mx, should be used. If the belt, rope, or brake is not slipping and is 
not about to slip, none of these formulas can be used. 

The belts used in belt drives are often V-shaped. In the V belt 
shown in Fig. 8.15a contact between belt and pulley takes place 


TN iN r H T+ 
14 v 1} : 1 
T sin — (Pad fF) sin > 2h N sin = 


2 


(a) (b) (c) 
Fig. 8.15 


along the sides of the groove. The relation existing between the val- 
ues T, and Ty, of the tension in the two parts of the belt when the 
belt is just about to slip can again be obtained by drawing the free- 
body diagram of an element of belt (Fig. 8.15b and c). Equations 
similar to (8.11) and (8.12) are derived, but the magnitude of the 
total friction force acting on the element is now 2 AF, and the sum 
of the y components of the normal forces is 2 AN sin (a/2). Proceed- 
ing as above, we obtain 


Ts == MsB 


T sin (a/2) 8-19) 


Or, 


a ee eltsB/sin (a/2) (8.16) 


Cc SAMPLE PROBLEM 8.7 


A hawser thrown from a ship to a pier is wrapped two full turns around a 

7500 N bollard. The tension in the hawser is 7500 N; by exerting a force of 150 N 
on its free end, a dockworker can just keep the hawser from slipping. 
(a) Determine the coefficient of friction between the hawser and the bol- 
lard. (b) Determine the tension in the hawser that could be resisted by 
the 150-N force if the hawser were wrapped three full turns around 
the bollard. 


SOLUTION 


a. Coefficient of Friction. Since slipping of the hawser is impending, we 
use Eq. (8.13): 


150 N 


Since the hawser is wrapped two full turns around the bollard, we have 


B = 2(27 rad) = 12.57 rad 
T, = 150 N Ts = 7500 N 


Therefore, 
T» 
B=h— 
BsB = In T, 
7500 N 
pi,(12.57 rad) = In cone In 50 = 3,911 
bs = 0.311 u,=0311 < 


b. Hawser Wrapped Three Turns around Bollard. Using the value of p, 
obtained in part a, we now have 


6 = 3@Q7 rad) = 18.85 rad 
T=150N yp, = 0311 


Substituting these values into Eq. (8.14), we obtain 


Ts _ 
pe 


Hs 


Ts; — ,(OS10)(1835) 25.862 _ 
150 N =e =e = 351.5 


Ts = 52 7225 N 


T, = 150N 
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SAMPLE PROBLEM 8.8 


A flat belt connects pulley A, which drives a machine tool, to pulley B, which 
is attached to the shaft of an electric motor. The coefficients of friction are 
Ms = 0.25 and , = 0.20 between both pulleys and the belt. Knowing that 
the maximum allowable tension in the belt is 600 Ib, determine the largest 
torque which can be exerted by the belt on pulley A. 


SOLUTION 


Since the resistance to slippage depends upon the angle of contact B 
between pulley and belt, as well as upon the coefficient of static friction p,, 
and since 2, is the same for both pulleys, slippage will occur first on pulley 
B, for which B is smaller. 


Pulley B. Using Eq. (8.14) with T. = 600 Ib, w, = 0.25, and B = 120° = 
27/3 rad, we write 


T. = 600 Ib 
2 Ts fe 600 Ib 0.25(2ar/3) 
Be = At = greens)! = Il, 
nae = 688 
; 600 Ib 
Tt = 120! = — = Hp! lly 
: Lee T= 1 688 


Pulley A. We draw the free-body diagram of pulley A. The couple M, is 
applied to the pulley by the machine tool to which it is attached and is equal 
and opposite to the torque exerted by the belt. We write 

+) 2M, = 0: M, — (600 Ib)(8 in.) + (355.4 Ib)(8 in.) = 0 

10) = Claas M, = 1957 |b - in. M, = 163.1 lb-ft < 


T. = 600 Ib 


Note. We may check that the belt does not slip on pulley A by computing 

the value of uw, required to prevent slipping at A and verifying that it is 
smaller than the actual value of w,. From Eq. (8.13) we have 

Is) 600 Ib 

eT eo See ale 


and, since B = 240° = 47/3 rad, 


= 0.524 


a = 0.524 p, = 0.125 < 0.95 
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SOLVING SPROBLEMS 
ON TOUR OWN 


ik the preceding section you learned about belt friction. The problems you will 
have to solve include belts passing over fixed drums, band brakes in which the 
drum rotates while the band remains fixed, and belt drives. 


1. Problems involving belt friction fall into one of the following two categories: 
a. Problems in which slipping is impending. One of the following formulas, 
involving the coefficient of static friction f,, may then be used, 


a B (8.13) 
np Bs 
or 
Ty _ LB 
T° (8.14) 


b. Problems in which slipping is occurring. The formulas to be used can be 
obtained from Eqs. (8.13) and (8.14) by replacing yw, with the coefficient of kinetic 
friction [rg. 


2. As you start solving a belt-friction problem, be sure to remember the 
following: 

a. The angle 6 must be expressed in radians. In a belt-and-drum problem, 
this is the angle subtending the arc of the drum on which the belt is wrapped. 

b. The larger tension is always denoted by 7, and the smaller tension is 
denoted by T,. 

c. The larger tension occurs at the end of the belt which is in the direction 
of the motion, or impending motion, of the belt relative to the drum. 


3. In each of the problems you will be asked to solve, three of the four 
quantities T,, Tz, B, and mw, (or pz) will either be given or readily found, and you 
will then solve the appropriate equation for the fourth quantity. Here are two kinds 
of problems that you will encounter: 

a. Find jx, between belt and drum, knowing that slipping is impending. 
From the given data, determine T, Ts, and ; substitute these values into Eq. (8.13) 
and solve for 4, [Sample Prob. 8.7, part a]. Follow the same procedure to find 
the smallest value of w, for which slipping will not occur. 

b. Find the magnitude of a force or couple applied to the belt or drum, 
knowing that slipping is impending. The given data should include p, and £. 
If it also includes T, or Tz, use Eq. (8.14) to find the other tension. If neither T, 
nor T, is known but some other data is given, use the free-body diagram of the 
belt-drum system to write an equilibrium equation that you will solve simultane- 
ously with Eq. (8.14) for T; and T;. You will then be able to find the magnitude 
of the specified force or couple from the free-body diagram of the system. Follow 
the same procedure to determine the largest value of a force or couple which can 
be applied to the belt or drum if no slipping is to occur [Sample Prob. 8.8]. 


8.101 


8.102 


8.103 


8.104 


8.105 


8.106 


8.107 


PROBLEMS 


A hawser is wrapped two full turns around a bollard. By exerting 
an 80-lb force on the free end of the hawser, a dockworker can 
resist a force of 5000 Ib on the other end of the hawser. Determine 
(a) the coefficient of static friction between the hawser and the 
bollard, (b) the number of times the hawser should be wrapped 
around the bollard if a 20,000-lb force is to be resisted by the same 
80-Ib force. 


A rope ABCD is looped over two pipes as shown. Knowing that 
the coefficient of static friction is 0.25, determine (a) the smallest 
value of the mass m for which equilibrium is possible, (b) the cor- 
responding tension in portion BC of the rope. 


A rope ABCD is looped over two pipes as shown. Knowing that 
the coefficient of static friction is 0.25, determine (a) the largest 
value of the mass m for which equilibrium is possible, (b) the cor- 
responding tension in portion BC of the rope. 


A 300-Ib block is supported by a rope that is wrapped 1} times 
around a horizontal rod. Knowing that the coefficient of static fric- 
tion between the rope and the rod is 0.15, determine the range of 
values of P for which equilibrium is maintained. 


The coefficient of static friction between block B and the horizon- 
tal surface and between the rope and support C is 0.40. Knowing 
that m, = 12 kg, determine the smallest mass of block B for which 
equilibrium is maintained. 


Fig. P8.105 and P8.106 


The coefficient of static friction js, is the same between block B 
and the horizontal surface and between the rope and support C. 
Knowing that m, = mg, determine the smallest value of yu, for 
which equilibrium is maintained. 


A flat belt is used to transmit a couple from drum B to drum A. 
Knowing that the coefficient of static friction is 0.40 and that the 
allowable belt tension is 450 N, determine the largest couple that 
can be exerted on drum A. 


30° 


A D 


50 kg m 
Fig. P8.102 and P8.103 


Pr 


Fig. P8.104 


Fig. P8.107 
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Friction 


8.108 


8.109 


8.110 


8.111 


8.112 


P 120 mm 
Fig. P8.112 


A flat belt is used to transmit a couple from pulley A to pulley B. 
The radius of each pulley is 60 mm, and a force of magnitude 
P = 900 N is applied as shown to the axle of pulley A. Knowing 
that the coefficient of static friction is 0.35, determine (a) the larg- 
est couple that can be transmitted, (b) the corresponding maximum 
value of the tension in the belt. 


|. 540 “= 


Fig. P8.108 


Solve Prob. 8.108 assuming that the belt is looped around the pul- 
leys in a figure eight. 


In the pivoted motor mount shown the weight W of the 175-lb 
motor is used to maintain tension in the drive belt. Knowing that 
the coefficient of static friction between the flat belt and drums A 
and B is 0.40, and neglecting the weight of platform CD, determine 
the largest couple that can be transmitted to drum B when the 
drive drum A is rotating clockwise. 


Fig. P8.110 


Solve Prob. 8.110 assuming that the drive drum A is rotating 
counterclockwise. 


A band brake is used to control the speed of a flywheel as shown. 
The coefficients of friction are , = 0.30 and pw, = 0.25. Determine 
the magnitude of the couple being applied to the flywheel, know- 
ing that P = 45 N and that the flywheel is rotating counterclock- 
wise at a constant speed. 


8.113 


8.114 


8.115 


8.116 


8.117 


The speed of the brake drum shown is controlled by a belt attached 
to the control bar AD. A force P of magnitude 25 Ib is applied to 
the control bar at A. Determine the magnitude of the couple being 
applied to the drum, knowing that the coefficient of kinetic friction 
between the belt and the drum is 0.25, that a = 4 in., and that 
the drum is rotating at a constant speed (a) counterclockwise, 


(b) clockwise. 


Knowing that a = 4 in., determine the maximum value of the 
coefficient of static friction for which the brake is not self-locking 
when the drum rotates counterclockwise. 


|x<—_——. 24 | 


iP 


AC 


Fig. P8.113, P8.114, 
and P8.115 


Knowing that the coefficient of static friction is 0.30 and that the 
brake drum is rotating counterclockwise, determine the minimum 
value of a for which the brake is not self-locking. 


Bucket A and block C are connected by a cable that passes over 
drum B. Knowing that drum B rotates slowly counterclockwise 
and that the coefficients of friction at all surfaces are wu, = 0.35 
and py, = 0.25, determine the smallest combined mass m of the 
bucket and its contents for which block C will (a) remain at rest, 
(b) start moving up the incline, (c) continue moving up the incline 
at a constant speed. 


Fig. P8.116 


Solve Prob. 8.116 assuming that drum B is frozen and cannot rotate. 
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Fig. P8.118 and P8.119 


8.119 


8.122 


8.123 


8.124 


Fig. P8.122 


and 8.120 A cable is placed around three parallel pipes. Knowing 
that the coefficients of friction are uw, = 0.25 and py, = 0.20, deter- 
mine (a) the smallest weight W for which equilibrium is maintained, 
(b) the largest weight W that can be raised if pipe B is slowly rotated 
counterclockwise while pipes A and C remain fixed. 


Fig. P8.120 and P8.121 


and 8.121 A cable is placed around three parallel pipes. Two 
of the pipes are fixed and do not rotate; the third pipe is slowly 
rotated. Knowing that the coefficients of friction are w, = 0.25 
and py, = 0.20, determine the largest weight W that can be raised 
(a) if only pipe A is rotated counterclockwise, (b) if only pipe C is 
rotated clockwise. 


A recording tape passes over the 20-mm-radius drive drum B and 
under the idler drum C. Knowing that the coefficients of friction 
between the tape and the drums are ws, = 0.40 and py, = 0.30 and 
that drum C is free to rotate, determine the smallest allowable value 
of P if slipping of the tape on drum B is not to occur. 


Solve Prob. 8.122 assuming that the idler drum C is frozen and 
cannot rotate. 


The 10-lb bar AE is suspended by a cable that passes over a 
5-in.-radius drum. Vertical motion of end E of the bar is pre- 
vented by the two stops shown. Knowing that u, = 0.30 between 
the cable and the drum, determine (a) the largest counter- 
clockwise couple Mp that can be applied to the drum if slipping 
is not to occur, (b) the corresponding force exerted on end E of 


the bar. 


[A % E 
10 Ib 
5in. 5in. 3in. 


Fig. P8.124 


8.125 


8.126 


Solve Prob. 8.124 assuming that a clockwise couple Mp is applied 
to the drum. 


The strap wrench shown is used to grip the pipe firmly without 
marring the external surface of the pipe. Knowing that the coeffi- 
cient of static friction is the same for all surfaces of contact, deter- 
mine the smallest value of 2, for which the wrench will be self-locking 
when a = 200 mm, r = 30 mm, and @ = 65°. 


Fig. P8.126 


8.127 Solve Prob. 8.126 assuming that 0 = 75°. 


8.128 


8.129 


8.130 


8.131 


Prove that Eqs. (8.13) and (8.14) are valid for any shape of surface 
provided that the coefficient of friction is the same at all points of 
contact. 


Complete the derivation of Eq. (8.15), which relates the tension in 
both parts of a V belt. 


Solve Prob. 8.107 assuming that the flat belt and drums are 
replaced by a V belt and V pulleys with a = 36°. (The angle a is 
as shown in Fig. 8.15a.) 


Solve Prob. 8.108 assuming that the flat belt and pulleys are 
replaced by a V belt and V pulleys with a = 36°. (The angle a is 
as shown in Fig. 8.15a.) 


Ty 
Fig. P8.128 
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REVIEW AND SUMMARY 


This chapter was devoted to the study of dry friction, i.e., to prob- 
lems involving rigid bodies which are in contact along nonlubricated 
surfaces. 


F | Equilibrium | 
| 


Fig. 8.16 


Static and kinetic friction Applying a horizontal force P to a block resting on a horizontal sur- 
face [Sec. 8.2], we note that the block at first does not move. This 
shows that a friction force F must have developed to balance P 
(Fig. 8.16). As the magnitude of P is increased, the magnitude of F 
also increases until it reaches a maximum value F,,. If P is further 
increased, the block starts sliding and the magnitude of F drops from 
F,, to a lower value F;. Experimental evidence shows that F,,, and F;, 
are proportional to the normal component N of the reaction of the 
surface. We have 


Fe = HsN Fi, = WN (8.1, 8.2) 


where mw, and py, are called, respectively, the coefficient of static 
friction and the coefficient of kinetic friction. These coefficients 
depend on the nature and the condition of the surfaces in contact. 
Approximate values of the coefficients of static friction were given 
in Table 8.1. 


Angles of friction 


It is sometimes convenient to replace the normal force N and the 
friction force F by their resultant R (Fig. 8.17). As the friction force 
increases and reaches its maximum value F,,, = uN, the angle ¢ that 
R forms with the normal to the surface increases and reaches a 
maximum value ¢,, called the angle of static friction. If motion actu- 
ally takes place, the magnitude of F drops to F;; similarly the angle 
drops to a lower value ¢y, called the angle of kinetic friction. As 
shown in Sec. 8.3, we have 


tan b, = My tan dp = UE (8.3, 8.4) 
460 


When solving equilibrium problems involving friction, we should keep 
in mind that the magnitude F of the friction force is equal to 
F.,, = bsN only if the body is about to slide [Sec. 8.4]. If motion is not 
impending, F and N should be considered as independent unknowns 
to be determined from the equilibrium equations (Fig. 8.18a). We 


should also check that the value of F required to maintain equilib- 
rium is not larger than F,,; if it were, the body would move and the 
magnitude of the friction force would be F;, = 44.N [Sample Prob. 8.1]. 
On the other hand, if motion is known to be impending, F has 
reached its maximum value F,,, = uN (Fig. 8.18b), and this expres- 
sion may be substituted for F in the equilibrium equations [Sample 
Prob. 8.3]. When only three forces are involved in a free-body dia- 
gram, including the reaction R of the surface in contact with the 
body, it is usually more convenient to solve the problem by drawing 
a force triangle [Sample Prob. 8.2]. 

When a problem involves the analysis of the forces exerted on 
each other by two bodies A and B, it is important to show the friction 
forces with their correct sense. The correct sense for the friction force 
exerted by B on A, for instance, is opposite to that of the relative 
motion (or impending motion) of A with respect to B [Fig. 8.6]. 


In the second part of the chapter we considered a number of specific 
engineering applications where dry friction plays an important role. 
In the case of wedges, which are simple machines used to raise heavy 
loads [Sec. 8.5], two or more free-body diagrams were drawn and 
care was taken to show each friction force with its correct sense 
[Sample Prob. 8.4]. The analysis of square-threaded screws, which 
are frequently used in jacks, presses, and other mechanisms, was 
reduced to the analysis of a block sliding on an incline by unwrapping 
the thread of the screw and showing it as a straight line [Sec. 8.6]. 
This is done again in Fig. 8.19, where r denotes the mean radius 
of the thread, L is the lead of the screw, i.e., the distance through 
which the screw advances in one turn, W is the load, and Or is equal 
to the couple exerted on the screw. It was noted that in the case of 
multiple-threaded screws the lead L of the screw is not equal to its 
pitch, which is the distance measured between two consecutive 
threads. 
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Wedges and screws 
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Belt friction 


Other engineering applications considered in this chapter were 
journal bearings and axle friction [Sec. 8.7], thrust bearings and disk 
friction [Sec. 8.8], wheel friction and rolling resistance [Sec. 8.9], and 
belt friction [Sec. 8.10]. 


In solving a problem involving a flat belt passing over a fixed cylinder, 
it is important to first determine the direction in which the belt slips 
or is about to slip. If the drum is rotating, the motion or impending 
motion of the belt should be determined relative to the rotating 
drum. For instance, if the belt shown in Fig. 8.20 is about to slip to 


Fig. 8.20 


the right relative to the drum, the friction forces exerted by the drum 
on the belt will be directed to the left and the tension will be larger 
in the right-hand portion of the belt than in the left-hand portion. 
Denoting the larger tension by T;, the smaller tension by T), the 
coefficient of static friction by w,, and the angle (in radians) sub- 
tended by the belt by B, we derived in Sec. 8.10 the formulas 


T, 
In— = p, 8.13 
mp = HB (8.13) 
FL gue (8.14) 
Ty 


which were used in solving Sample Probs. 8.7 and 8.8. If the belt 
actually slips on the drum, the coefficient of static friction 4, should 
be replaced by the coefficient of kinetic friction 4, in both of these 
formulas. 


REVIEW PROBLEMS 


8.132 Knowing that the coefficient of friction between the 25-kg block 
and the incline is uw, = 0.25, determine (a) the smallest value of 
P required to start the block moving up the incline, (b) the corre- 
sponding value of B. 


Fig. P8.132 


8.133 The 20-lb block A and the 30-Ib block B are supported by an 
incline that is held in the position shown. Knowing that the coef 
ficient of static friction is 0.15 between all surfaces of contact, 
determine the value of 6 for which motion is impending. 


Fig. P8.133 


8.134 A worker slowly moves a 50-kg crate to the left along a loading 
dock by applying a force P at corner B as shown. Knowing that 
the crate starts to tip about the edge E of the loading dock when 
a = 200 mm, determine (a) the coefficient of kinetic friction 
between the crate and the loading dock, (b) the corresponding 
magnitude P of the force. 


|<—— 1.2 m —>] 


A B \ 
| 15° 
[ i aa 
0.9m | y 
C——e D 
" — 


Fig. P8.134 
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Fig. P8.137 


8.135 


8.136 


8.137 


A slender rod of length L is lodged between peg C and the vertical 
wall and supports a load P at end A. Knowing that the coefficient 
of static friction between the peg and the rod is 0.15 and neglect- 
ing friction at the roller, determine the range of values of the ratio 
Lia for which equilibrium is maintained. 


Fig. P8.135 


A safety device used by workers climbing ladders fixed to high 
structures consists of a rail attached to the ladder and a sleeve that 
can slide on the flange of the rail. A chain connects the worker's 
belt to the end of an eccentric cam that can be rotated about an 
axle attached to the sleeve at C. Determine the smallest allowable 
common value of the coefficient of static friction between the 
flange of the rail, the pins at A and B, and the eccentric cam if 
the sleeve is not to slide down when the chain is pulled vertically 
downward. 


Fig. P8.136 


To be of practical use, the safety sleeve described in the preceding 
problem must be free to slide along the rail when pulled upward. 
Determine the largest allowable value of the coefficient of static 
friction between the flange of the rail and the pins at A and B if 
the sleeve is to be free to slide when pulled as shown in the figure, 
assuming (a) 8 = 60°, (b) 6 = 50°, (c) 8 = 40°. 


8.138 


8.139 


8.140 


Bar AB is attached to collars that can slide on the inclined rods 
shown. A force P is applied at point D located at a distance a 
from end A. Knowing that the coefficient of static friction p, 
between each collar and the rod upon which it slides is 0.30 and 
neglecting the weights of the bar and of the collars, determine 
the smallest value of the ratio a/L for which equilibrium is 
maintained. 


Fig. P8.138 


The machine part ABC is supported by a frictionless hinge at B 
and a 10° wedge at C. Knowing that the coefficient of static friction 
at both surfaces of the wedge is 0.20, determine (a) the force P 
required to move the wedge, (b) the components of the corre- 
sponding reaction at B. 


A 1800 N 


Fig. P8.139 


A wedge A of negligible weight is to be driven between two 100-lb 
blocks B and C resting on a horizontal surface. Knowing that the 
coefficient of static friction at all surfaces of contact is 0.35, deter- 
mine the smallest force P required to start moving the wedge (a) if 
the blocks are equally free to move, (b) if block C is securely bolted 
to the horizontal surface. 


0.75 in. 0.75 in. 
P 


, 
ia 


Fig. P8.140 
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8.141 


8.142 


8.143 


The position of the automobile jack shown is controlled by a screw 
ABC that is single-threaded at each end (right-handed thread at 
A, left-handed thread at C). Each thread has a pitch of 0.1 in. and 
a mean diameter of 0.375 in. If the coefficient of static friction is 
0.15, determine the magnitude of the couple M that must be 
applied to raise the automobile. 


Fig. P8.141 


A lever of negligible weight is loosely fitted onto a 30-mm-radius 
fixed shaft as shown. Knowing that a force P of magnitude 
275 N will just start the lever rotating clockwise, determine 
(a) the coefficient of static friction between the shaft and the lever, 
(b) the smallest force P for which the lever does not start rotating 
counterclockwise. 


100 mm 160 mm 


30 mm 


—— 


Fig. P8.142 


A couple Mg is applied to the drive drum B to maintain a constant 
speed in the polishing belt shown. Knowing that ju, = 0.45 between 
the belt and the 15-kg block being polished and yu, = 0.30 between 
the belt and the drive drum B, determine (a) the couple Mz, 
(b) the minimum tension in the lower portion of the belt if no 
slipping is to occur between the belt and the drive drum. 


Fig. P8.143 


COMPUTER PROBLEMS 


8.C1 The position of the 10-kg rod AB is controlled by the 2-kg block 
shown, which is slowly moved to the left by the force P. Knowing that the 
coefficient of kinetic friction between all surfaces of contact is 0.25, write a 
computer program and use it to calculate the magnitude P of the force for 
values of x from 900 to 100 mm, using 50-mm decrements. Using appropri- 
ate smaller decrements, determine the maximum value of P and the corre- 
sponding value of x. 


1000 mm 


400 mm 


a 


Fig. P8.C1 


8.€2 Blocks A and B are supported by an incline that is held in the posi- 
tion shown. Knowing that block A weighs 20 Ib and that the coefficient of 
static friction between all surfaces of contact is 0.15, write a computer pro- 
gram and use it to calculate the value of @ for which motion is impending 
for weights of block B from 0 to 100 Ib, using 10-lb increments. 


Fig. P8.C2 


8.C3 A 300-g cylinder C rests on cylinder D as shown. Knowing that the 
coefficient of static friction y, is the same at A and B, write a computer 
program and use it to determine, for values of 1, from 0 to 0.40 and using 
0.05 increments, the largest counterclockwise couple M that can be applied 
to cylinder D if it is not to rotate. 


75 mm 


150 mm 


150 mm 
Fig. P8.c3 
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Fig. P8.C6 


8.C4 Two rods are connected by a slider block D and are held in equilib- 
rium by the couple M, as shown. Knowing that the coefficient of static 
friction between rod AC and the slider block is 0.40, write a computer 
program and use it to determine, for values of 6 from 0 to 120° and using 
10° increments, the range of values of M, for which equilibrium is 
maintained. 


|_150 ee 


Fig. P8.C4 


8.C5 The 10-lb block A is slowly moved up the circular cylindrical surface 
by a cable that passes over a small fixed cylindrical drum at B. The coeffi- 
cient of kinetic friction is known to be 0.30 between the block and the 
surface and between the cable and the drum. Write a computer program 
and use it to calculate the force P required to maintain the motion for values 
of 6 from 0 to 90°, using 10° increments. For the same values of @ calculate 
the magnitude of the reaction between the block and the surface. 
[Note that the angle of contact between the cable and the fixed drum is 
B= — (6/2).] 


Fig. P8.C5 


8.C6 A flat belt is used to transmit a couple from drum A to drum B. The 
radius of each drum is 80 mm, and the system is fitted with an idler wheel 
C that is used to increase the contact between the belt and the drums. The 
allowable belt tension is 200 N, and the coefficient of static friction between 
the belt and the drums is 0.30. Write a computer program and use it to 
calculate the largest couple that can be transmitted for values of 6 from 
0 to 30°, using 5° increments. 


8.C7 Two collars A and B that slide on vertical rods with negligible fric- 
tion are connected by a 30-in. cord that passes over a fixed shaft at C. 
The coefficient of static friction between the cord and the fixed shaft is 
0.30. Knowing that the weight of collar B is 8 lb, write a computer program 
and use it to determine, for values of @ from 0 to 60° and using 10° incre- 
ments, the largest and smallest weight of collar A for which equilibrium is 
maintained. 


Fig. P8.C7 


8.C8 The end B of a uniform beam of length L is being pulled by a sta- 
tionary crane. Initially the beam lies on the ground with end A directly 
below pulley C. As the cable is slowly pulled in, the beam first slides to the 
left with 6 = 0 until it has moved through a distance x. In a second phase, 
end B is raised, while end A keeps sliding to the left until x reaches its 
maximum value x,, and @ the corresponding value 6. The beam then rotates 
about A’ while 6 keeps increasing. As 6 reaches the value 4, end A starts 
sliding to the right and keeps sliding in an irregular manner until B reaches 
C. Knowing that the coefficients of friction between the beam and the 
ground are fl, = 0.50 and py, = 0.40, (a) write a program to compute x for 
any value of @ while the beam is sliding to the left and use this program to 
determine xo, x,,, and 6), (b) modify the program to compute for any @ the 
value of x for which sliding would be impending to the right and use this 
new program to determine the value 0 of 6 corresponding to x = X,,. 


Fig. P8.c8 
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The strength of structural members used 
in the construction of buildings depends 
to a large extent on the properties of 
their cross sections. This includes the 
second moments of area, or moments 


of inertia, of these cross sections. 
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Chapter 9 Distributed Forces: 
Moments of Inertia 


Introduction 

Second Moment, or Moment of 
Inertia, of an Area 
Determination of the Moment of 
Inertia of an Area by Integration 
Polar Moment of Inertia 

Radius of Gyration of an Area 
Parallel-Axis Theorem 

Moments of Inertia of Composite 
Areas 

Product of Inertia 

Principal Axes and Principal 
Moments of Inertia 

Mohr’s Circle for Moments and 
Products of Inertia 

Moment of Inertia of a Mass 
Parallel-Axis Theorem 

Moments of Inertia of Thin Plates 
Determination of the Moment of 
Inertia of a Three-Dimensional 
Body by Integration 

Moments of Inertia of Composite 
Bodies 

Moment of Inertia of a Body 
with Respect to an Arbitrary Axis 
through O. Mass Products of 
Inertia 

Ellipsoid of Inertia. Principal Axes 
of Inertia 

Determination of the Principal 
Axes and Principal Moments of 
Inertia of a Body of Arbitrary 
Shape 


9.1 INTRODUCTION 


In Chap. 5, we analyzed various systems of forces distributed over 
an area or volume. The three main types of forces considered were 
(1) weights of homogeneous plates of uniform thickness (Secs. 5.3 
through 5.6), (2) distributed loads on beams (Sec. 5.8) and hydrostatic 
forces (Sec. 5.9), and (3) weights of homogeneous three-dimensional 
bodies (Secs. 5.10 and 5.11). In the case of homogeneous plates, the 
magnitude AW of the weight of an element of a plate was propor- 
tional to the area AA of the element. For distributed loads on beams, 
the magnitude AW of each elemental weight was represented by an 
element of area AA = AW under the load curve; in the case of 
hydrostatic forces on submerged rectangular surfaces, a similar pro- 
cedure was followed. In the case of homogeneous three-dimensional 
bodies, the magnitude AW of the weight of an element of the body 
was proportional to the volume AV of the element. Thus, in all cases 
considered in Chap. 5, the distributed forces were proportional to 
the elemental areas or volumes associated with them. The resultant 
of these forces, therefore, could be obtained by summing the corre- 
sponding areas or volumes, and the moment of the resultant about 
any given axis could be determined by computing the first moments 
of the areas or volumes about that axis. 

In the first part of this chapter, we consider distributed forces 
AF whose magnitudes depend not only upon the elements of area 
AA on which these forces act but also upon the distance from AA to 
some given axis. More precisely, the magnitude of the force per unit 
area AF/AA is assumed to vary linearly with the distance to the axis. 
As indicated in the next section, forces of this type are found in the 
study of the bending of beams and in problems involving submerged 
non-rectangular surfaces. Assuming that the elemental forces involved 
are distributed over an area A and vary linearly with the distance y 
to the x axis, it will be shown that while the magnitude of their resul- 
tant R depends upon the first moment Q, = J y dA of the area A, 
the location of the point where R is ‘applied depends upon the Seeora 
moment, or moment of inertia, I, = J y° dA of the same area with 
respect to the x axis. You will learn to compute the moments of inertia 
of various areas with respect to given x and y axes. Also introduced 
in the first part of this chapter is the polar moment of inertia Jo = 
J r-dA of an area, where r is the distance from the element of area 
dA to the point O. To facilitate your computations, a relation will be 
established between the moment of inertia I, of an area A with respect 
to a given x axis and the moment of inertia I,, of the same area with 
respect to the parallel centroidal x’ axis (parallel-axis theorem). You 
will also study the transformation of the moments of inertia of a given 
area when the coordinate axes are rotated (Secs. 9.9 and 9.10). 

In the second part of the chapter, you will learn how to deter- 
mine the moments of inertia of various masses with respect to a given 
axis. As you will see in Sec. 9.11, the moment ot inertia of a given 
mass about an axis AA’ is defined as I = f r’' dm, where r is the 
distance from the axis AA’ to the element of mass dm. Moments of 
inertia of masses are encountered in dynamics in problems involving 
the rotation of a rigid body about an axis. To facilitate the computation 


of mass moments of inertia, the parallel-axis theorem will be intro- 
duced (Sec. 9.12). Finally, you will learn to analyze the transforma- 
tion of moments of inertia of masses when the coordinate axes are 
rotated (Secs. 9.16 through 9.18). 


MOMENTS OF INERTIA OF AREAS 


9.2 SECOND MOMENT, OR MOMENT OF INERTIA, 
OF AN AREA 


In the first part of this chapter, we consider distributed forces AF 
whose magnitudes AF are proportional to the elements of area AA 
on which the forces act and at the same time vary linearly with the 
distance from AA to a given axis. 

Consider, for example, a beam of uniform cross section which 
is subjected to two equal and opposite couples applied at each end 
of the beam. Such a beam is said to be in pure bending, and it is 
shown in mechanics of materials that the internal forces in any sec- 
tion of the beam are distributed forces whose magnitudes AF = 
ky AA vary linearly with the distance y between the element of area 
AA and an axis passing through the centroid of the section. This axis, 
represented by the x axis in Fig. 9.1, is known as the neutral axis of 
the section. The forces on one side of the neutral axis are forces 
of compression, while those on the other side are forces of tension; 
on the neutral axis itself the forces are zero. 

The magnitude of the resultant R of the elemental forces AF 
which act over the entire section is 


n=|tyda=k{ yaa 


The last integral obtained is recognized as the first moment Q, of 
the section about the x axis; it is equal to yA and is thus equal to 
zero, since the centroid of the section is located on the x axis. The 
system of the forces AF thus reduces to a couple. The magnitude M 
of this couple (bending moment) must be equal to the sum of the 
moments AM, = y AF = ky” AA of the elemental forces. Integrating 
over the entire section, we obtain 


M =| kya =| yaa 


The last integral is known as the second moment, or moment of iner- 
tia,t of the beam section with respect to the x axis and is denoted by 
L,. It is obtained by multiplying each element of area dA by the square 
of its distance from the x axis and integrating over the beam section. 
Since each product y* dA is positive, regardless of the sign of y, or 
zero (if y is zero), the integral I, will always be positive. 

Another example of a second moment, or moment of inertia, 
of an area is provided by the following problem from hydrostatics: A 


+The term second moment is more proper than the term moment of inertia, since, logically, 
the latter should be used only to denote integrals of mass (see Sec. 9.11). In engineering 
practice, however, moment of inertia is used in connection with areas as well as masses. 


9.2 Second Moment, or Moment of Inertia, 


Fig. 9.1 


of an Area 
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Fig. 9.2 


dl, = y?dA dl, =x7-dA 


vertical circular gate used to close the outlet of a large reservoir is 
submerged under water as shown in Fig. 9.2. What is the resultant 
of the forces exerted by the water on the gate, and what is the 
moment of the resultant about the line of intersection of the plane 
of the gate and the water surface (x axis)? 

If the gate were rectangular, the resultant of the forces of pressure 
could be determined from the pressure curve, as was done in Sec. 5.9. 
Since the gate is circular, however, a more general method must be 
used. Denoting by y the depth of an element of area AA and by y the 
specific weight of water, the pressure at the element is p = yy, and the 
magnitude of the elemental force exerted on AA is AF = p AA = 
yy AA. The magnitude of the resultant of the elemental forces is thus 


n=| wda=y| yaa 


and can be obtained by computing the first moment Q, = Jy dA 
of the area of the gate with respect to the x axis. The moment M, 
of the resultant must be equal to the sum of the moments AM, = 
y AF = yy” AA of the elemental forces. Integrating over the area 
of the gate, we have 


M.=| waa - y | yeaa 


Here again, the integral obtained represents the second moment, or 
moment of inertia, I, of the area with respect to the x axis. 


9.3. DETERMINATION OF THE MOMENT OF INERTIA 
OF AN AREA BY INTEGRATION 


We defined in the preceding section the second moment, or moment 
of inertia, of an area A with respect to the x axis. Defining in a similar 
way the moment of inertia I, of the area A with respect to the y axis, 
we write (Fig. 9.32) 


(9.1) 


dl, = y2dA 
(b) (c) 


These integrals, known as the rectangular moments of inertia of the 
area A, can be more easily evaluated if we choose dA to be a thin strip 
parallel to one of the coordinate axes. To compute I,, the strip is cho- 
sen parallel to the x axis, so that all of the points of the strip are at 
the same distance y from the x axis (Fig. 9.3b); the moment of inertia 
dl, of the strip is then obtained by multiplying the area dA of the strip 
by y’. To compute I,, the strip is chosen parallel to the y axis so that 
all of the points of the strip are at the same distance x from the y axis 
(Fig. 9.3c); the moment of inertia dI, of the strip is x dA. 


Moment of Inertia of a Rectangular Area. As an example, let 
us determine the moment of inertia of a rectangle with respect to its 
base (Fig. 9.4). Dividing the rectangle into strips parallel to the « axis, 
we obtain 


dA=bdy = dl, = ybdy 
h 
8 =| by” dy = sbh® (9.2) 
0 


Computing |, and |, Using the Same Elemental Strips. The 
formula just derived can be used to determine the moment of inertia 
dI, with respect to the x axis of a rectangular strip which is parallel 
to the y axis, such as the strip shown in Fig. 9.3c. Setting b = dx and 
h = y in formula (9.2), we write 


dl, = 3y° dx 
On the other hand, we have 
dl, = x° dA = x°y dx 


The same element can thus be used to compute the moments of 
inertia I, and of of a given area (Fig. 9.5). 


9.4 POLAR MOMENT OF INERTIA 


An integral of great importance in problems concerning the torsion of 
cylindrical shafts and in problems dealing with the rotation of slabs is 


Jo= | r'dA (9.3) 


where r is the distance from O to the element of area dA (Fig. 9.6). 
This integral is the polar moment of inertia of the area A with respect 
to the “pole” O. 

The polar moment of inertia of a given area can be computed 
from the rectangular moments of inertia I, and I, of the area if these 
quantities are already known. Indeed, noting that r* = x7 + y, we 
write 


Jo =| aa =| (x? +y°)dA =| yaa +[eaa 
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| dA = bdy 
dy 

| : | 

Yy 

i 

x 
b+} 

Fig. 9.4 
y 


Fig. 9.5 


dl, = ay dx 


dl, = x°y dx 


Fig. 9.6 
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that is, 


Jo = i ar I, (9.4) 


9.5 RADIUS OF GYRATION OF AN AREA 


Consider an area A which has a moment of inertia I, with respect 
to the x axis (Fig. 9.7a). Let us imagine that we concentrate this area 
into a thin strip parallel to the x axis (Fig. 9.7b). If the area A, thus 
concentrated, is to have the same moment of inertia with respect to 
the x axis, the strip should be placed at a distance k, from the x axis, 
where k, is defined by the relation 


I, = kyA 
Solving for k,, we write 
k, = . (9.5) 
A 


The distance k, is referred to as the radius of gyration of the area 
with respect to the x axis. In a similar way, we can define the radii 
of gyration k, and ko (Fig. 9.7c and d); we write 


I 


= 72 ox y 
I, ~ kyA ky = A 


lo= koA ko = ne (9.7) 


If we rewrite Eq. (9.4) in terms of the radii of gyration, we find that 
ko = ky + ky (9.8) 


(9.6) 


EXAMPLE For the rectangle shown in Fig. 9.8, let us compute the radius 
of gyration k, with respect to its base. Using formulas (9.5) and (9.2), 
we write 


I, wh? ph h 

A bh 3 a 3 
The radius of gyration k, of the rectangle is shown in Fig. 9.8. It should not 
be confused with the ordinate y = h/2 of the centroid of the area. While 


k, depends upon the second moment, or moment of inertia, of the area, the 
ordinate y is related to the first moment of the area. ™ 


Enea : 
| | | a 
f ot 
dy 
——— 


“ 
», 


SAMPLE PROBLEM 9.1 


Determine the moment of inertia of a triangle with respect to its base. 


SOLUTION 


A triangle of base b and height h is drawn; the x axis is chosen to coincide 
with the base. A differential strip parallel to the x axis is chosen to be dA. Since 
all portions of the strip are at the same distance from the x axis, we write 


di,=y'dA dA=Idy 


Using similar triangles, we have 


lL h-y 7 ln =v 7 b= 
= ae (= h dA =b dy 
Integrating dL, from y = 0 to y = h, we obtain 
h h = h 
o= | fas=| yb—dy al (hy’ — y°)dy 
le h I ha 
a >| y 2 al iz bh? 
See ey 7k eae 


SAMPLE PROBLEM 9.2 


(a) Determine the centroidal polar moment of inertia of a circular area by 
direct integration. (b) Using the result of part a, determine the moment of 
inertia of a circular area with respect to a diameter. 


SOLUTION 


a. Polar Moment of Inertia. An annular differential element of area is 
chosen to be dA. Since all portions of the differential area are at the same 
distance from the origin, we write 


dJo =u' dA dA = 27ru du 
Jo -| dJo -| u?(2a7u du) = 2m | udu 
0 0 
Jo = ae < 


b. Moment of Inertia with Respect to a Diameter. Because of the sym- 
metry of the circular area, we have I, = I. We then write 


Jo = I ar I, = 21. ot = 21. Ll steiysias a Ib = ie < 


y SAMPLE PROBLEM 9.3 


(a) Determine the moment of inertia of the shaded area shown with respect 
to each of the coordinate axes. (Properties of this area were considered in 
Sample Prob. 5.4.) (b) Using the results of part a, determine the radius of 
gyration of the shaded area with respect to each of the coordinate axes. 


SOLUTION 


Referring to Sample Prob. 5.4, we obtain the following expressions for the 
equation of the curve and the total area: 


D 
y =x" A = sab 
a 


Moment of Inertia I,. A vertical differential element of area is chosen to 
be dA. Since all portions of this element are not at the same distance from 
the x axis, we must treat the element as a thin rectangle. The moment of 
inertia of the element with respect to the x axis is then 


il ane 15° 
dl, = sy dx = (42°) de = Z & dx 
a 


oe 
iB | [.3 . F Peal 
y I, = | dl, = he = 
| poe 34° 7 Jo 
[ x aie : pa 
x a >| - alt 


Moment of Inertia I,. The same vertical differential element of area is 
used. Since all portions of the element are at the same distance from the 
y axis, we write 


= x’ dA = x*(y dx) = o( eae = uy dx 
i a 


2 ip b x a 


Radii of Gyration k, and k,. We have, by definition, 
and 
ky = a ue ne ky = Via 4 
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SOLVING PROBLEMS 
YN TOUR OWN 


il es purpose of this lesson was to introduce the rectangular and polar moments of 
inertia of areas and the corresponding radii of gyration. Although the problems 
you are about to solve may appear to be more appropriate for a calculus class than for 
one in mechanics, we hope that our introductory comments have convinced you of the 
relevance of the moments of inertia to your study of a variety of engineering topics. 


1. Calculating the rectangular moments of inertia |, and I,. We defined these 
quantities as 


i= | y dA I,= | x dA (9.1) 


where dA is a differential element of area dx dy. The moments of inertia are the 
second moments of the area; it is for that reason that I,, for example, depends on 
the perpendicular distance y to the area dA. As you study Sec. 9.3, you should 
recognize the importance of carefully defining the shape and the orientation of 
dA. Further, you should note the following points. 

a. The moments of inertia of most areas can be obtained by means of a 
single integration. The expressions given in Figs. 9.3b and c and Fig, 9.5 can be 
used to calculate [, and I,. Regardless of whether you use a single or a double inte- 
gration, be sure to show on your sketch the element dA that you have chosen. 

b. The moment of inertia of an area is always positive, regardless of the location 
of the area with respect to the coordinate axes. This is because it is obtained by integrat- 
ing the product of dA and the square of distance. (Note how this differs from the results 
for the first moment of the area.) Only when an area is removed (as in the case for a 
hole) will its moment of inertia be entered in your computations with a minus sign. 

c. As a partial check of your work, observe that the moments of inertia are 
equal to an area times the square of a length. Thus, every term in an expression 
for a moment of inertia must be a length to the fourth power. 


2. Computing the polar moment of inertia Jo. We defined Jo as 


Jo= | rdA (9.3) 


where r° = x” + y”. If the given area has circular symmetry (as in Sample Prob. 9.2), 
it is possible to express dA as a function of r and to compute Jo with a single 
integration. When the area lacks circular symmetry, it is usually easier first to cal- 
culate [, and I, and then to determine Jo from 
Jo=l +1, (9.4) 

Lastly, if the equation of the curve that bounds the given area is expressed in polar 
coordinates, then dA = r dr d6 and a double integration is required to compute 
the integral for Jo [see Prob. 9.27]. 


3. Determining the radii of gyration k, and k, and the polar radius of gyra- 
tion ko. These quantities were defined in Sec. 9.5, and you should realize that 
they can be determined only after the area and the appropriate moments of inertia 
have been computed. It is important to remember that k, is measured in the y 
direction, while k, is measured in the x direction; you should carefully study 
Sec. 9.5 until you understand this point. 
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PROBLEMS 


9.1 


9.5 


Fig. P9.1 and P9.5 


iigaeeea| 


through 9.4 Determine by direct integration the moment of 
inertia of the shaded area with respect to the y axis. 


through 9.8 Determine by direct integration the moment of 
inertia of the shaded area with respect to the x axis. 


———= | ‘ 


Le g@—+fea —| 


Fig. P9.2 and P9.6 


y= kex@ | 


iy 
~~ h 
y =kx? i 


9.9 


9.12 


————_— 7 


Fig. P9.10 and P9.13 


P9.3 and P9.7 Fig. P9.4 and P9.8 


through 9.11 Determine by direct integration the moment of 
inertia of the shaded area with respect to the x axis. 


through 9.14 Determine by direct integration the moment of 
inertia of the shaded area with respect to the y axis. 


Fig. P9.11 and P9.14 


9.15 and 9.16 Determine the moment of inertia and the radius of 
gyration of the shaded area shown with respect to the x axis. 


| x 


i" 


Fig. P9.15 and P9.17 


y= mx 


9.17 and 9.18 Determine the moment of inertia and the radius of 
gyration of the shaded area shown with respect to the y axis. 


9.19 Determine the moment of inertia and the radius of gyration of the 
shaded area shown with respect to the x axis. 


hail use 


l< a 


Fig. P9.19 and P9.20 


9.20 Determine the moment of inertia and the radius of gyration of the 
shaded area shown with respect to the y axis. 


9.21 and 9.22 Determine the polar moment of inertia and the 
polar radius of gyration of the shaded area shown with respect 
to point P. 


jx— SZ —>}~<— 2 —>] 


P 
e 
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Fig. P9.21 


Problems A8 ] 
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Fig. P9.16 and P9.18 
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Fig. P9.22 
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Fig. P9.25 


‘ 


R=a+ké 6g 
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Fig. P9.27 


9.23 


9.24 


9.25 


9.27 


9.28 


*9.29 


*9.30 


(a) Determine by direct integration the polar moment of inertia of 
the annular area shown with respect to point O. (b) Using the 
result of part a, determine the moment of inertia of the given area 
with respect to the x axis. 


(a) Show that the polar radius of gyration ko of the annular area 
shown is approximately equal to the mean radius R,, = (Ry + Rg)/2 
for small values of the thickness t = Ry — Ry. (b) Determine the 
percentage error introduced by using R,, in place of ko for the 


following values of t/R,,: 1, 5, and 75. 


and 9.26 Determine the polar moment of inertia and the 
polar radius of gyration of the shaded area shown with respect to 
point P. 


Fig. P9.26 


Determine the polar moment of inertia and the polar radius of 
gyration of the shaded area shown with respect to point O. 


Determine the polar moment of inertia and the polar radius of 
gyration of the isosceles triangle shown with respect to point O. 


Ri 
| 
is 
a 


O x 
Fig. P9.28 


Using the polar moment of inertia of the isosceles triangle of Prob. 
9.28, show that the centroidal polar moment of inertia of a circular 
area of radius r is wr*/2. (Hint: As a circular area is divided into 
an increasing number of equal circular sectors, what is the approxi- 
mate shape of each circular sector?) 


Prove that the centroidal polar moment of inertia of a given area 
A cannot be smaller than A?/27. (Hint: Compare the moment of 
inertia of the given area with the moment of inertia of a circle that 
has the same area and the same centroid.) 


9.6 PARALLEL-AXIS THEOREM 


Consider the moment of inertia I of an area A with respect to an axis 
AA' (Fig. 9.9). Denoting by y the distance from an element of area 
dA to AA’, we write 


r=| yaa 


Let us now draw through the centroid C of the area an axis BB’ 
parallel to AA’; this axis is called a centroidal axis. Denoting by y' 


Fig. 9.9 


the distance from the element dA to BB’, we write y = y' + d, 
where d is the distance between the axes AA’ and BB’. Substituting 
for y in the above integral, we write 


r=| yaa =[y + d)*dA 


=| y2da+oa|y'da+@| aa 


The first integral represents the moment of inertia I of the area with 
respect to the centroidal axis BB’. The second integral represents 
the first moment of the area with respect to BB’; since the centroid C 
of the area is located on that axis, the second integral must be zero. 
Finally, we observe that the last integral is equal to the total area A. 
Therefore, we have 


f= fe Ag (9.9) 


This formula expresses that the moment of inertia J of an area 
with respect to any given axis AA’ is equal to the moment of inertia I 
of the area with respect to a centroidal axis BB’ parallel to AA’ 
plus the product of the area A and the square of the distance d 
between the two axes. This theorem is known as the parallel-axis 
theorem. Substituting k°A for I and kA for I, the theorem can also 
be expressed as 2 
Pak +d? (9.10) 


A similar theorem can be used to relate the polar moment 
of inertia Jo of an area about a point O to the polar moment of 
inertia Jc of the same area about its centroid C. Denoting by d the 
distance between O and C, we write 


0 =Jat+ Ad or ko =ke +a? (9.11) 
jo=J 
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Fig. 9.10 


— , 


Photo 9.1 
sample of the rolled-steel shapes that are readily 
available. Shown above are two examples of 
wide-flange shapes that are commonly used in the 
construction of buildings. 


Figure 9.13 tabulates data for a small 


EXAMPLE 1 As an application of the parallel-axis theorem, let us deter- 
mine the moment of inertia Ip of a circular area with respect to a line tan- 
gent to the circle (Fig. 9.10). We found in Sample Prob. 9. 2 that the moment 
of inertia of a circular area about a centroidal axis is 1 = far‘. We can write, 
therefore, 


Ip = 1+ Ad? = tart + (@r’)r? = 2 orrt a 


EXAMPLE 2 The parallel-axis theorem can also be used to determine 
the centroidal moment of inertia of an area when the moment of inertia of 
the area with respect to a parallel axis is known. Consider, for instance, a 
triangular area (Fig. 9.11). We found in Sample Prob. 9.1 that the moment 
of inertia of a triangle with respect to its base AA’ is equal to 7gbh’. Using 
the parallel-axis theorem, we write 


Ina = Ipp + Ad? 
Ad? = ¢bh? 


Lege = Eee sbh(sh)? = = agbh® 
It should be observed that the product Ad? was subtracted from the given 
moment of inertia in order to obtain the centroidal moment of inertia of 
the triangle. Note that this product is added when transferring from a cen- 
troidal axis to a parallel axis, but it should be subtracted when transferring 
to a centroidal axis. In other words, the moment of inertia of an area is 
always smaller with respect to a centroidal axis than with respect to any 
parallel axis. 

Returning to Fig. 9.11, we observe that the moment of inertia of the 
triangle with respect to the line DD’ (which is drawn through a vertex) can 
be obtained by writing 


Ipp = Ipg + Ad” = xgbh? + 3bh(Zh)? = bh? 

Note that Ip could not have been obtained directly from I,,4’. The parallel- 
axis theorem can be applied only if one of the two parallel axes passes 
through the centroid of the area. ™ 


9.7 MOMENTS OF INERTIA OF COMPOSITE AREAS 


Consider a composite area A made of several component areas Aj, Ag, 
As, .. . Since the integral representing the moment of inertia of A can 
be subdivided into integrals evaluated over Aj, Ag, As, .. . , the moment 
of inertia of A with respect to a given axis is obtained by adding the 
moments of inertia of the areas Aj, As, A3, .. . , with respect to the 
same axis. The moment of inertia of an area consisting of several of 
the common shapes shown in Fig. 9.12 can thus be obtained by using 
the formulas given in that figure. Before adding the moments of inertia 
of the component areas, however, the parallel-axis theorem may have 
to be used to transfer each moment of inertia to the desired axis. This 
is shown in Sample Probs. 9.4 and 9.5. 

The properties of the cross sections of various structural shapes 
are given in Fig. 9.13. As noted in Sec. 9.2, the moment of inertia 
of a beam section about its neutral axis is closely related to the com- 
putation of the bending moment in that section of the beam. The 
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Fig. 9.12 Moments of inertia of common geometric shapes. 


determination of moments of inertia is thus a prerequisite to the 
analysis and design of structural members. 

It should be noted that the radius of gyration of a composite area 
is not equal to the sum of the radii of gyration of the component areas. 
In order to determine the radius of gyration of a composite area, it is 


first necessary to compute the moment of inertia of the area. 
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Axis X-X Axis Y-Y 
Area Depth Width == = = = 
Designation in? in. in. eine a ceeine yin. || Lin [Rp in 6, in. 
Y WIS x 76+ 22.3 18.2 11.0 | 1330 7.73 152 2.61 
W Shapes WI16 X57 16.8 16.4 7.12 | 758 72 43.1 1.60 
(Wide-Flange W14 x 38 112 141 6.77 | 385 5.87 26.7 1.55 
Shapes) be X | W8 x31 9.12 8.00 8.00 | 110 3.47 37.1 2.02 
- 
+ S18 x 54.7t 16.0 18.0 6.00 | 801 7.07 20.7 1.14 
S Shapes $12 x 31.8 G30 |) 120) 5.00) ))) 217 4.83 9.33 1.00 
(American Standard S10 X 25.4 7.45 | 10.0 466 | 123 4.07 6.73 0.950 
Shapes) S6 x 12.5 3.66 6.00 3.33 23.0 2.45 1.80 0.702 
X aK 
iH 
¥ C12 x 20.7t 6.08 | 12.0 2.94 | 129 4.61 3.86 0.797 0.698 
C Shapes C10 x 15.3 448 | 10.0 2.60 67.3 3.87 227 0.711 0.634 
(American Standard C8 x 11.5 3.37 8.00 2.26 32.5 3.11 131 0.623 0.572 
Channels) | C6 x 8.2 2.39 6.00 1.92 13.1 2.34 0.687 0.536 0.512 
Xx X 
Ls 
y 
, L6x6x 1} 11.0 35.4 1.79 1.86 35.4 1.79 1.86 
c l4x4xt 3.75 552 121 1.18 5.52 121 118 
ie I3x3xt 1.44 1.23 0,926 0836 | 1.23 0,926 0.836 
L6x4xt 4.75 17.3 1.91 1.98 6.22 1.14 0,981 
Angles I = 
ioxa 3.75 9.43 1.58 1.74 255 0.824 0.746 
La 1.19 1.09 0.953 0,980 0.390 0.569 0.487 
i x 
U ty 
— 
Y 


Fig. 9.13A Properties of rolled-steel shapes (U.S. customary units).* 


*Courtesy of the American Institute of Steel Construction, Chicago, I 
tNominal depth in inches and weight in pounds per foot 
} Depth, width, and thickness in inches 
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Axis X-X Axis Y-Y 
Area | Depth Width ie ky y i ky a 
Designation mm2 mm mm 106 mm4 mm mm 10°mm4 mm mm 
W460 x 1134 14400 462 279 554 196 63.3 66.3 
W Shapes W410 x 85 10800 417181 316 171 17.9 40.6 
(Wide-Flange W360 X 57.8 7230 358 172 160 149 ine 39.4 
Shapes) W200 x 46.1 5880 203-203 45.8 88.1 15.4 513 
7 S460 x 81.44 10300} 457 152 Sa) 180 8.62 29.0 
S Shapes S310 x 47.3 6010 305 127 90.3 123 3.88 25.4 
(American Standard S250 X 37.8 4810 254 ~=—«118 51.2 103 280 24.1 
Shapes) S150 X 18.6 2360 152 84.6 9.16 62.2 0.749 17.8 
x i 
y 
7 C310 x 30.8t 3920 305 74.7 53.7 117 161 202 17.7 
C Shapes C250 x 22.8 2890 254 66.0 28.0 98.3 0.945 181 161 
(American Standard ad C200 X 17.1 2170 203 57.4 13.5 79.0 0545 158 145 
Channels) | C150 x 12.2 1540 152 48.8 5.45 594 0.286 136 13.0 
x X 
a |i 
ne 
¥ 
Y L152 x 152 x 25.4¢ 7100 14.7 455 472 | 147 45.5 47.2 
L102 x 102X12.7 2420 230 30.7 30.0 230 30.7 30.0 
=] e |= L76 X76 X64 929 0512 235 212 0.512 235 212 
L152 102 12.7 3060 720 485 503 259 29.0 249 
Angles L127x 7612.7 2420 3.93 40.1 442 1.06 209 189 
L76xX51x64 768 0.454 242 249 0.162 145 12.4 
x — x 
ants 
wn 


Fig. 9.13B Properties of rolled-steel shapes (SI units). 


tNominal depth in millimeters and mass in kilograms per meter 


} Depth, width, and thickness in millimeters 
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14.1 in. 


X 


7.425 in. 


SAMPLE PROBLEM 9.4 


The strength of a W14 X 38 rolled-steel beam is increased by attaching a 
9 X 34in, plate to its upper flange as shown. Determine the moment of 
inertia and the radius of gyration of the composite section with respect to 
an axis which is parallel to the plate and passes through the centroid C of 
the section. 


SOLUTION 


The origin O of the coordinates is placed at the centroid of the wide-flange 
shape, and the distance Y to the centroid of the composite section is com- 
puted using the methods of Chap. 5. The area of the wide-flange shape is 
found by referring to Fig. 9.13A. The area and the y coordinate of the 
centroid of the plate are 

A = (9 in.)(0.75 in.) = 6.75 in? 

y = 3(14.1 in.) + 5(0.75 in.) = 7.425 in. 


Section Area, in? y, in. yA, in? 
Plate 


6.75 i 425 SOM: 
Wide-flange shape 2 0 


Sh Ses —<— D¥A = 50.12 


YEA = yA Y(17.95) = 50.12 Y = 2.792 in. 


Moment of Inertia. The parallel-axis theorem is used to determine the 
moments of inertia of the wide-flange shape and the plate with respect to 
the x’ axis. This axis is a centroidal axis for the composite section but not 
for either of the elements considered separately. The value of 1, for the 
wide-flange shape is obtained from Fig. 9.13A. 


For the wide-flange shape, 
lL, = 1, + AY? = 385 + (11.2)(2.792)? = 472.3 in? 
For the plate, 
Ivy = 1, + Ad? = (#%)(9)(3)° + (6.75)(7.425 — 2.792)? = 145.2 in* 


For the composite area, 


Pea A723 1452) — Gigs an f= 618in 
Radius of Gyration. We have 
2 617 bin’ 
a= To ee ky =5.87in. < 


Pe SAMPLE PROBLEM 9.5 


7 Determine the moment of inertia of the shaded area with respect to the 
r=90 mm XxX axis. 
120 mm 


SOLUTION 


The given area can be obtained by subtracting a half circle from a rectangle. 
The moments of inertia of the rectangle and the half circle will be computed 


separately. 
y y y 
; 240 mm >| 

A A’ 

fa 
Ce a 
120 mm as — 
b 
es, 
x, x 


Moment of Inertia of Rectangle. Referring to Fig. 9.12, we obtain 
i, = bh? = 5 (240 mm)(120 mm)* = 188.2 < 10° mm* 


Moment of Inertia of Half Circle. Referring to Fig. 5.8, we determine the 


y 
location of the centroid C of the half circle with respect to diameter AA’. 
A iN! 
a=38.2 mm 4r — (4)(90 mm) , 
x! = = = 38.2 mm 
120 mm 37 377 


b=81.8 
J mm” The distance b from the centroid C to the x axis is 


x 
b = 120 mm — a = 120 mm — 38.2 mm = 81.8 mm 


Referring now to Fig. 9.12, we compute the moment of inertia of the half circle 

with respect to diameter AA’; we also compute the area of the half circle. 
tao — ar — 4790 mm) — 25/76 ~ 10am 

377(90 mm)? = 12.72 X 10° mm? 


A= sar 
Using the parallel-axis theorem, we obtain the value of Te 
Tag = il + Aa? 
25.76 X 10° mm‘* = I, + (12.72 X 10° mm?) (38.2 mm)?* 
fo 7208 10 
Again using the parallel-axis theorem, we obtain the value of [,: 


L, = Ip + Ab? = 7.20 X 10° mm? + (12.72 X 10° mm?)(81.8 mm)? 
= 92.3 X 10°mm4 


Moment of Inertia of Given Area. Subtracting the moment of inertia of 
the half circle from that of the rectangle, we obtain 


L, = 138.2 X 10° mm* — 92.3 X 10° mm* 
A 519) all) aaah eal 
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SOLVINGIPROBLEMS 
JN TOURSOWN 


LT this lesson we introduced the parallel-axis theorem and illustrated how it can 
be used to simplify the computation of moments and polar moments of inertia 
of composite areas. The areas that you will consider in the following problems will 
consist of common shapes and rolled-steel shapes. You will also use the parallel- 
axis theorem to locate the point of application (the center of pressure) of the 
resultant of the hydrostatic forces acting on a submerged plane area. 


1. Applying the parallel-axis theorem. In Sec. 9.6 we derived the parallel-axis 
theorem 


l=1+Ad? (9.9) 


which states that the moment of inertia J of an area A with respect to a given axis 
is equal to the sum of the moment of inertia I of that area with respect to a paral- 
lel centroidal axis and the product Ad”, where d is the distance between the two 
axes. It is important that you remember the following points as you use the parallel- 
axis theorem. 

a. The centroidal moment of inertia I of an area A can be obtained by 
subtracting the product Ad? from the moment of inertia I of the area with 
respect to a parallel axis. It follows that the moment of inertia I is smaller than 
the moment of inertia I of the same area with respect to any parallel axis. 

b. The parallel-axis theorem can be applied only if one of the two axes 
involved is a centroidal axis. Therefore, as we noted in Example 2, to compute 
the moment of inertia of an area with respect to a noncentroidal axis when the 
moment of inertia of the area is known with respect to another noncentroidal axis, 
it is necessary to first compute the moment of inertia of the area with respect to 
a centroidal axis parallel to the two given axes. 


2. Computing the moments and polar moments of inertia of composite 
areas. Sample Probs. 9.4 and 9.5 illustrate the steps you should follow to solve 
problems of this type. As with all composite-area problems, you should show on 
your sketch the common shapes or rolled-steel shapes that constitute the various 
elements of the given area, as well as the distances between the centroidal axes 
of the elements and the axes about which the moments of inertia are to be com- 
puted. In addition, it is important that the following points be noted. 

a. The moment of inertia of an area is always positive, regardless of 
the location of the axis with respect to which it is computed. As pointed out in the 
comments for the preceding lesson, it is only when an area is removed (as in the 
case of a hole) that its moment of inertia should be entered in your computations 
with a minus sign. 


b. The moments of inertia of a semiellipse and a quarter ellipse can be 
determined by dividing the moment of inertia of an ellipse by 2 and 4, respectively. 
It should be noted, however, that the moments of inertia obtained in this manner are 
with respect to the axes of symmetry of the ellipse. To obtain the centroidal moments 
of inertia of these shapes, the parallel-axis theorem should be used. Note that this 
remark also applies to a semicircle and to a quarter circle and that the expressions 
given for these shapes in Fig. 9.12 are not centroidal moments of inertia. 

c. To calculate the polar moment of inertia of a composite area, you can 
use either the expressions given in Fig. 9.12 for Jo or the relationship 


Jo=h +], (9.4) 


depending on the shape of the given area. 


d. Before computing the centroidal moments of inertia of a given area, you 
may find it necessary to first locate the centroid of the area using the methods of 
Chapter 5. 


3. Locating the point of application of the resultant of a system of hydrostatic 
forces. In Sec. 9.2 we found that 


R= | yaa =a 


M,= 7 | y2da = YI; 


where y is the distance from the x axis to the centroid of the submerged plane 
area. Since R is equivalent to the system of elemental hydrostatic forces, it fol- 
lows that 

=M,  ypR = M, 
where yp is the depth of the point of application of R. Then 


I 


yr(yyA) = yl, or yp = 7A 


In closing, we encourage you to carefully study the notation used in Fig. 9.13 for 
the rolled-steel shapes, as you will likely encounter it again in subsequent engi- 
neering courses. 
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PROBLEMS 


9.31 and 9.32 Determine the moment of inertia and the radius of 
gyration of the shaded area with respect to the x axis. 


Fig. P9.31 and P9.33 


Y 


in. —| |e-2in.——2in.—| kk Fin. 


1 


= in. —> |\<—— —| |\<—— 


2 
Fig. P9.32 and P9.34 


9.33 and 9.34 Determine the moment of inertia and the radius of 
gyration of the shaded area with respect to the y axis. 


9.35 and 9.36 Determine the moments of inertia of the shaded area 
shown with respect to the x and y axes when a = 20 mm. 


y 
y 

ry 

1.5a 
| | lo 
| A ie pre x 
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i 1.5a 
2 

Y 

j= 3a >| 

Fig. P9.35 Fig. P9.36 


és 7 9.37 
dy 
ry 
db 9.38 
B 1 __B 


Fig. P9.37 and P9.38 
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For the 4000-mm? shaded area shown, determine the distance d> 
and the moment of inertia with respect to the centroidal axis paral- 
lel to AA’ knowing that the moments of inertia with respect to AA’ 
and BB’ are 12 X 10° mm‘ and 23.9 X 10° mm’, respectively, and 
that d; = 25 mm. 


Determine for the shaded region the area and the moment of 
inertia with respect to the centroidal axis parallel to BB’, knowing 
that d; = 25 mm and ds, = 15 mm and that the moments of inertia 
with respect to AA’ and BB’ are 7.84 X 10° mm‘ and 5.20 X 10° 
mm’, respectively. 


9.39 The shaded area is equal to 50 in’. Determine its centroidal moments 
of inertia I, and I,,, knowing that I, = 21, and that the polar moment 
of inertia of the area about point A is J, = 2250 in’, 


y 


Fig. P9.39 and P9.40 


9.40 The polar moments of inertia of the shaded area with respect to 
points A, B, and D are, respectively, J, = 2880 in’, Js = 6720 in’, 
and Jp = 4560 in’ . Determine the shaded area, its centroidal 
moment of inertia J¢, and the distance d from C to D. 

9.41 through 9.44 Determine the moments of inertia 1, and i of 

the area shown with respect to centroidal axes respectively parallel 

and perpendicular to side AB. 


12mm_, 12mm 
) A B 
f 1.2in 
y 
18 mm 
— 5.0 in. 
22 mm Y 
ry 
1.8 in. 
A B Y ¥. 
oom 12mm om 7 20in.” 2.1in. 
Fig. P9.42 Fig. P9.43 


9.45 and 9.46 Determine the polar moment of inertia of the area 
shown with respect to (a) point O, (b) the centroid of the area. 


84 mm ———— 


54 mm——| 


100 mm 27 mm 
| of 
a mm 
O ! 
50 mm 
| 
L100 MM —1 35 an! 


Semiellipses 


Fig. P9.45 Fig. P9.46 
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iaaig cel 


Kk— 4.5 in. 


Fig. P9.47 


|_ — $310 x 47.3 


po 


Fig. P9.49 


W200 x 46.1 <k ce —_U 


el Cn 
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Fig. P9.51 


9.47 and 9.48 Determine the polar moment of inertia of the area 
shown with respect to (a) point O, (b) the centroid of the area. 


Semicircle 


x G6 in. ap G6 in. dl 


Fig. P9.48 


9.49 Two 20-mm steel plates are welded to a rolled S section as shown. 
Determine the moments of inertia and the radii of gyration of the 
combined section with respect to the centroidal x and y axes. 


9.50 Two channels are welded to a rolled W section as shown. Deter- 
mine the moments of inertia and the radii of gyration of the com- 
bined section with respect to the centroidal x and y axes. 


y 


C8 x 11.5 


Fig. P9.50 


9.51 To form a reinforced box section, two rolled W sections and two 
plates are welded together. Determine the moments of inertia and 
the radii of gyration of the combined section with respect to the 
centroidal axes shown. 


9.52 Two channels are welded to a d X 12-in. steel plate as shown. 
Determine the width d for which the ratio I,/I, of the centroidal 
moments of inertia of the section is 16. 


C10 x 15.3 


Fig. P9.52 


9.53 Two L76 X 76 X 6.4-mm angles are welded to a C250 X 22.8 Problems AQ5 
channel. Determine the moments of inertia of the combined sec- 
tion with respect to centroidal axes respectively parallel and per- 
pendicular to the web of the channel. 


Ls 
L76 x 76 x 6.4 ed (a 
——— 
10 in. 
C250 x 22.8 
Fig. P9.53 
9.54 Two L4 X 4 X }-in. angles are welded to a steel plate as shown. —= i ae 
Determine the moments of inertia of the combined section with aval 
respect to centroidal axes respectively parallel and perpendicular 2 
to the plate. Fig. P9.54 
9.55 The strength of the rolled W section shown is increased by welding 
a channel to its upper flange. Determine the moments of inertia of y 
the combined section with respect to its centroidal x and y axes. 
} C250 x 22.8 
9.56 Two L5 X 3 X }-in. angles are welded to a 5-in. steel plate. Deter- CO {9 
mine the distance b and the centroidal moments of inertia 1, and 
I, of the combined section, knowing that I, = 4I,. cl - 
y 
| — » —+}«— ) —>| _-W460 x 113 
L5x3x $ Ce) 
Le Fig. P9.55 
0.5 in. Ce 
& 
ae A a 
L SS 
| B 5 in. >< 5 in. >| é 
Fig. P9.56 


9.57 and 9.58 The panel shown forms the end of a trough that is Fig. P9.57 
filled with water to the line AA’. Referring to Sec. 9.2, determine 
the depth of the point of application of the resultant of the hydro- 
static forces acting on the panel (the center of pressure). 


o—| 
A j A’ 
9.59 and *9.60 The panel shown forms the end of a trough that is b 
filled with water to the line AA’. Referring to Sec. 9.2, determine | 
the depth of the point of application of the resultant of the hydro- 
static forces acting on the panel (the center of pressure). Quarter ellipse 


Fig. P9.58 
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A’ 


—— 
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a ail a >| + 
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b aD b— Parabola 
Fig. P9.59 Fig. P9.60 


496 Distributed Forces: Moments of Inertia 9.61 The cover for a 0.5-m-diameter access hole in a water storage tank 


is attached to the tank with four equally spaced bolts as shown. 
Determine the additional force on each bolt due to the water pres- 
sure when the center of the cover is located 1.4 m below the water 
surface. 


Fig. P9.61 


9.62 A vertical trapezoidal gate that is used as an automatic valve is 
held shut by two springs attached to hinges located along edge AB. 
Knowing that each spring exerts a couple of magnitude 
1470 N - m, determine the depth d of water for which the gate 
will open. 


Vj-——a——+| | 
re 7 x 
2b as 
4 
Fig. P9.63 Fig. P9.62 


y 


*9.63 Determine the x coordinate of the centroid of the volume shown. 
30 iin (Hint: The height y of the volume is proportional to the x coordi- 
va nate; consider an analogy between this height and the water pres- 
sure on a submerged surface.) 


64 mm *9.64 Determine the x coordinate of the centroid of the volume shown; 


this volume was obtained by intersecting an elliptic cylinder with 
Fig. P9.64 an oblique plane. (See hint of Prob. 9.63.) 


a 


*9.65 Show that the system of hydrostatic forces acting on a submerged 
plane area A can be reduced to a force P at the centroid C of the 
area and two couples. The force P is perpendicular to the area and 
is of magnitude P = yAy sin 0, where oy is the specific weer 
of the liquid, and the couples are M,’ = (yl, sin 6)i and M,; 

(yL yy’ y' Sin 0)j, where Tey =JSx 'y' dA (see Sec. 9.8). Note that: the 
couples are desea of the depth at which the area is 
submerged. 


Fig. P9.65 


*9.66 Show that the resultant of the hydrostatic forces acting on a sub- 
merged plane area A is a force P perpendicular to the area and of 
magnitude P = yAy sin 6 = pA, where y is the specific weight of 
the liquid and p is the pressure at the centroid C of the area. Show 
that P is applied at a point Cp, called the center of pressure, whose 
coordinates are xp = I,,/Ay and yp = I,/Ay, where I,, = J xy dA 
(see Sec. 9.8). Show ies that the difference of onus yp — y is 
equal to Rly y and thus depends upon the depth at which the area 
is submerged. 


*9.8 PRODUCT OF INERTIA 
The integral 


i= | xy dA (9.12) 


which is obtained by multiplying each element dA of an area A by 
its coordinates x and y and integrating over the area (Fig. 9.14), is 
known as the product of inertia of the area A with respect to the 
x and y axes. Unlike the moments of inertia I, and I,, the product 
of inertia Ty can be positive, negative, or zero. 

When one or both of the x and y axes are axes of symmetry 
for the area A, the product of inertia I,, is zero. Consider, for 
example, the channel section shown in Fig. 9.15. Since this section 
is symmetrical with respect to the x axis, we can associate with 
each element dA of coordinates x and y an element dA’ of coor- 
dinates x and —y. Clearly, the contributions to I, of any pair of 
elements chosen in this way cancel out, and the integral (9.12) 
reduces to zero. 

A parallel-axis theorem similar to the one established in Sec. 9.6 
for moments of inertia can be derived for products of inertia. 
Consider an area A and a system of rectangular coordinates x and y 


y? 
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Fig. P9.66 
y 
dA 
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y 
y 
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Fig. 9.14 
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dA' Y 
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Fig. 9.15 


AQ8 __ Distributed Forces: Moments of Inertia (Fig. 9.16). Through the centroid C of the area, of coordinates x and 
y, we draw two centroidal axes x' and y' which are parallel, respec- 
tively, to the x and y axes. Denoting by x and y the coordinates of an 

y y' element of area dA with respect to the original axes, and by x’ and y’ 

the coordinates of the same element with respect to the centroidal 

axes, we write x = x’ + x andy = y’ + y. Substituting into (9.12), 

we obtain the following expression for the product of inertia [,,: 


Lug =| y dA =| (x' + x)(y’ + y) dA 


=[vy'da +g] xda +e | yaa ery | aa 


<_< _ |__| 


The first integral represents the product of inertia Ly of the area A 
with respect to the centroidal axes x’ and y’. The next two integrals 
represent first moments of the area with respect to the centroidal 
Fi axes; they reduce to zero, since the centroid C is located on these 
ig. 9.16 . : : 

axes. Finally, we observe that the last integral is equal to the total 
area A. Therefore, we have 


Ty = Ivy + XY A (9.13) 


*9.9 PRINCIPAL AXES AND PRINCIPAL 
MOMENTS OF INERTIA 


Consider the area A and the coordinate axes x and y (Fig. 9.17). 
Assuming that the moments and product of inertia 


I, = | y dA I,= | xdA Ly = | xydA (9.14) 


of the area A are known, we propose to determine the moments and 
product of inertia Iy, I, and I. of A with respect to new axes x’ 
and y’ which are obtained by rotating the original axes about the 
origin through an angle 6. 

We first note the following relations between the coordinates 
x’, y’ and x, y of an element of area dA: 


x’ =x cos @ + y sin 6 y' = y cos 6 — x sin 8 


Fig. 9.17 


Substituting for y’ in the expression for I, we write 


I. | (y’)> dA -| (y cos 6 — x sin 6)° dA 


= costo | yeaa — 2 in 0.cos 0 | xy da - sin? | 22a 


Using the relations (9.14), we write 
Ly = L, cos” @ — 21,, sin 6 cos 8 + I, sin” 0 (9.15) 
Similarly, we obtain for I, and I. the expressions 


lp =] sin? 6 + 21, sin 6 cos 6 + I, cos” 6 (9.16) 
i (1, — ly) sin 8 cos 8 + I,,(cos” 6 — sin? 0) (9.17) 


Recalling the trigonometric relations 


sin 20 = 2 sin @ cos 0 cos 20 = cos” @ — sin” 6 
and 
cos?) = 1 Tene ahee 160820 


we can write (9.15), (9.16), and (9.17) as follows: 


IL+l, i-I, 


Le = 3 — + 3 00s 26 — I,, sin 26 (9.18) 
+1, L- |, 
Lp= 5 3 ces 26 + I, sin 20 (9.19) 
I, — I, 
Ly = —> sin 20 + Ly cos: 20 (9.20) 
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Adding (9.18) and (9.19) we observe that 
ly +ly =I, +1, (9.21) 


This result could have been anticipated, since both members of 
(9.21) are equal to the polar moment of inertia Jo. 

Equations (9.18) and (9.20) are the parametric equations of a 
circle. This means that if we choose a set of rectangular axes and 
plot a point M of abscissa Iy and ordinate I, for any given value of 
the parameter 6, all of the points thus obtained will lie on a circle. 
To establish this property, we eliminate @ from Eqs. (9.18) and (9.20); 
this is done by transposing (1, + I, /2 in Eq. (9.18), squaring both 
members of Eqs. (9.18) and (9.20), and adding. We write 


TI, + 1? 2 I, — 1, 2 
(1. 3 ) a gy =f 5 ) teks (9.22) 


Ee ce L, lL, - ie 2 
Lg = and R= ( 5 “) + Ty (9.23) 


we write the identity (9.22) in the form 
(Ly ~~ Leak +1 


Setting 


2 


vy = R (9.24) 


9.9 Principal Axes and Principal 499 


Moments of Inertia 


500 _ Distributed Forces: Moments of Inertia which is the equation of a circle of radius R centered at the point C 

whose x and y coordinates are I, and 0, respectively (Fig. 9.18a). We 

Tey observe that Eqs. (9.19) and (9.20) are the parametric equations of the 

same circle. Furthermore, because of the symmetry of the circle about 

the horizontal axis, the same result would have been obtained if instead 

of plotting M, we had plotted a point N of coordinates I, and —Iyy 
(Fig. 9.18b). This property will be used in Sec. 9.10. 

The two points A and B where the above circle intersects the 
horizontal axis (Fig. 9.18a) are of special interest: Point A corre- 
sponds to the maximum value of the moment of inertia I,,, while 
point B corresponds to its minimum value. In addition, both points 
correspond to a zero value of the product of inertia I... Thus, the 
values 9, of the parameter 6 which correspond to the points A and 
B can be obtained by setting I, = 0 in Eq. (9.20). We obtaint 


2I 


xy 
| ie | y 
This equation defines two values 26,, which are 180° apart and thus two 
values 6,,, which are 90° apart. One of these values corresponds to point 
A in Fig. 9.18a and to an axis through O in Fig. 9.17 with respect to 
which the moment of inertia of the given area is maximum; the other 
value corresponds to point B and to an axis through O with respect to 
which the moment of inertia of the area is minimum. The two axes thus 
defined, which are perpendicular to each other, are called the principal 
axes of the area about O, and the corresponding values I,,,, and Tyyin Of 
the moment of inertia are called the principal moments of inertia of the 
area about O. Since the two values @,, defined by Eq. (9.25) were 
Fig. 9.18 obtained by setting I, = 0 in Eq. (9.20), it is clear that the product of 
inertia of the given area with respect to its principal axes is zero. 
We observe from Fig. 9.18a that 
Linas = Lave +R Tinin = Lave —R (9.26) 


Using the values for I,,. and R from formulas (9.23), we write 


Led, ‘| ion Oo 
I iesconte: 2 = 9 am Tey (9.27) 
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=< min 


tan 26,, = — (9.25) 


Unless it is possible to tell by inspection which of the two principal 
axes corresponds to Ij, and which corresponds to Ijnin, it is necessary 
to substitute one of the values of 6,, into Eq. (9.18) in order to 
determine which of the two corresponds to the maximum value of 
the moment of inertia of the area about O. 

Referring to Sec. 9.8, we note that if an area possesses an axis of 
symmetry through a point O, this axis must be a principal axis of the 
area about O. On the other hand, a principal axis does not need to be 
an axis of symmetry; whether or not an area possesses any axes of sym- 
metry, it will have two principal axes of inertia about any point O. 

The properties we have established hold for any point O located 
inside or outside the given area. If the point O is chosen to coincide 
with the centroid of the area, any axis through O is a centroidal axis; 
the two principal axes of the area about its centroid are referred to 
as the principal centroidal axes of the area. 


tThis relation can also be obtained by differentiating I,, in Eq. (9.18) and setting 
dl,/d0 = 0. 


— 


|< J) >| 


SAMPLE PROBLEM 9.6 


Determine the product of inertia of the right triangle shown (a) with respect 
to the x and y axes and (b) with respect to centroidal axes parallel to the x 
and y axes. 


SOLUTION 


a. Product of Inertia I,y. A vertical rectangular strip is chosen as the dif- 
ferential element of area. Using the parallel-axis theorem, we write 


aly, = dl yy ate Xel Yel dA 


Since the element is symmetrical with respect to the x’ and y’ axes, we note 
that Ay = 0. From the geometry of the triangle, we obtain 


y=n(1-2) a = yde=h(1 a 


es = x 
ip = & Yel = 2y = ne b 


Integrating Ay from x = 0 tox = b, we obtain 


b RN? 
i= | dy -| ya dA -| pre = *) dx 
10) 
b 
= h2 
10) 


es 5 6 4 yb 
| (3 ‘are <) de =H] a | 
2 1 Bye 4 3b 8b* Jo 


le = ubh? < 


b. Product of Inertia Dery The coordinates of the centroid of the triangle 
relative to the x and y axes are 


T= gain 


Using the expression for lhe obtained in part a, we apply the parallel-axis 
theorem and write 
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( |\n 
a in a 
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SAMPLE PROBLEM 9.7 


For the section shown, the moments of inertia with respect to the x and y 
axes have been computed and are known to be 


= 10380. y = 6.97 in’ 


Determine (a) the orientation of the principal axes of the section about O, 
(b) the values of the principal moments of inertia of the section about O. 


SOLUTION 


We first compute the product of inertia with respect to the x and y axes. The 
area is divided into three rectangles as shown. We note that the product of 
inertia I, with respect to centroidal axes parallel to the x and y axes is zero 
for each rectangle. Using the parallel-axis theorem I, = Ivy + xyA, we 
find that I, reduces to x yA for each rectangle. 


Iy = 3x yA = —6.56 in* 


a. Principal Axes. Since the magnitudes of 1,, I,, and I, are known, 
Eq. (9.25) is used to determine the values of 0, 
20, 2(—6.56) 
ieee 10 35e—10 070m 
26, = 75.4° and 255.4° 
6, = 37.7° and 6n = 127.7° <4 


tan 26,, = + 3.85 


b. Principal Moments of Inertia. Using Eq. (9.27), we write 


I, — 1, 2 


IE Ae Th, n 
Les min) = SE 
pee 


38 + 6. 38 — 6.97) 
meu 6.97 a | a) Tae 


= 15.45 in* I 


1 ain = USOT tie 


max 


Noting that the elements of the area of the section are more closely distrib- 
uted about the b axis than about the a axis, we conclude that I, = Inax = 
15.45 in’ and I, = Imm = 1.897 in*. This conclusion can be verified by 
substituting 9 = 37.7° into Eqs. (9.18) and (9.19). 


SOLVING PROBLEMS 
YN TOUR OWN 


I n the problems for this lesson, you will continue your work with moments of inertia 
and will utilize various techniques for computing products of inertia. Although the 
problems are generally straightforward, several items are worth noting. 


1. Calculating the product of inertia |, by integration. We defined this quantity as 
| xy dA (9.12) 


and stated that its value can be positive, negative, or zero. The product of inertia can 
be computed directly from the above equation using double integration, or it can be 
determined using single integration as shown in Sample Prob. 9.6. When applying the 
latter technique and using the parallel-axis theorem, it is important to remember that 
x, and y,; in the equation 
dl = dlgy + zqayadA 

are the coordinates of the centroid of the element of area dA. Thus, if dA is not 
in the first quadrant, one or both of these coordinates will be negative. 


2. Calculating the products of inertia of composite areas. They can easily be 
computed from the products of inertia of their component parts by using the 
parallel-axis theorem _ — 

Lg lap ye. (9.13) 
The proper technique to use for problems of this type is illustrated in Sample 
Probs. 9.6 and 9.7. In addition to the usual rules for composite-area problems, it 
is essential that you remember the following points. 

a. If either of the centroidal axes of a component area is an axis of sym- 
metry for that area, the product of inertia [,,, for that area is zero. Thus, 
Ivy is zero for component areas such as circles, semicircles, rectangles, and isosceles 
triangles which possess an axis of symmetry parallel to one of the coordinate axes. 

b. Pay careful attention to the signs of the coordinates x and y of each 
component area when you use the parallel-axis theorem [Sample Prob. 9.7]. 


3. Determining the moments of inertia and the product of inertia for rotated 
coordinate axes. In Sec. 9.9 we derived Eqs. (9.18), (9.19), and (9.20), from 
which the moments of inertia and the product of inertia can be computed for 
coordinate axes which have been rotated about the origin O. To apply these equa- 
tions, you must know a set of values [,, I i and Le for a given orientation of the 
axes, and you must remember that 6 is positive for counterclockwise rotations of 
the axes and negative for clockwise rotations of the axes. 


4. Computing the principal moments of inertia. We showed in Sec. 9.9 that 
there is a particular orientation of the coordinate axes for which the moments of 
inertia attain their maximum and minimum values, I,,,, and Tin, and for which 
the product of inertia is zero. Equation (9.27) can be used to compute these values, 
known as the principal moments of inertia of the area about O. The corresponding 
axes are referred to as the principal axes of the area about O, and their orientation 
is defined by Eq. (9.25). To determine which of the principal axes corresponds to 
Tnax and which corresponds to In, you can either follow the procedure outlined 
in the text after Eq. (9.27) or observe about which of the two principal axes the 
area is more closely distributed; that axis corresponds to [,,i, [Sample Prob. 9.7]. 
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PROBLEMS 


9.67 through 9.70 Determine by direct integration the product of 
inertia of the given area with respect to the x and y axes. 


uy, 
y 
| a a 

is 4a2 "qa 
a x= ky? | 

° <= 2a >| i J a ,| : 
Fig. P9.67 Fig. P9.68 

y 


i | 
h 


—______¥ ales a 
K—_,—|* }—-a—-| * 


Fig. P9.69 Fig. P9.70 


9.71 through 9.74 Using the parallel-axis theorem, determine the 
product of inertia of the area shown with respect to the centroidal 


4 x and y axes. 
60 mm i 
{  c¢ 20 mm — 120 mm | 120 mm 
Y 
20 mm 
ao 
60 mm 
60 mm ie | 
| ; = 
60 mm 
80 mm 
c= 
10mm—| 100 mm >| 10mm | 
naoee 7! Fig. P9.72 
y 
0.25 in 0.980 in. 
| | 0.487 in. 
Cc x 
Qin. ‘ 
=z | L3x2xz 
=a 0.25 in. 
I< 3 in. 
Fig. P9.73 Fig. P9.74 
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9.75 through 9.78 Using the parallel-axis theorem, determine the 
product of inertia of the area shown with respect to the centroidal 
x and y axes. 


|~ 100 mm >| 


40 mm 


—| K—-Smm 


Fig. P9.75 


—> 13 in. 
K A 

1.0 in 

y 
y 
>| 0.412 in. 
5.3 in. C 
x 
> << 0.5 in. 2.25 in. 
=m 

y 

3.6 in. = 0.5 in. 


Fig. P9.77 


9.79 Determine for the quarter ellipse of Prob. 9.67 the moments of 
inertia and the product of inertia with respect to new axes obtained 
by rotating the x and y axes about O (a) through 45° counterclock- 
wise, (b) through 30° clockwise. 


9.80 Determine the moments of inertia and the product of inertia of 
the area of Prob. 9.72 with respect to new centroidal axes obtained 
by rotating the x and y axes 30° counterclockwise. 


9.81 Determine the moments of inertia and the product of inertia of 
the area of Prob. 9.73 with respect to new centroidal axes obtained 
by rotating the x and y axes 60° counterclockwise. 


9.82 Determine the moments of inertia and the product of inertia of 
the area of Prob. 9.75 with respect to new centroidal axes obtained 
by rotating the x and y axes 45° clockwise. 


9.83 Determine the moments of inertia and the product of inertia of 
the L3 X 2 X j-in. angle cross section of Prob. 9.74 with respect 
to new centroidal axes obtained by rotating the x and y axes 30° 
clockwise. 


Problems 


y 
<9 in. I<— 3 in. 
19 in. 2 in. 
| 2 i 
ce A | x 
15 in. 
3 in—| 9 in. 
Fig. P9.76 


L127 x 76 x 12.7 


12.7 mm 


Cc 


<— 18.9 mm 
<— 12.7 mm 


127 mm 


1 76 mm—| 


Fig. P9.78 
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9.84 Determine the moments of inertia and the product of inertia of 
the L127 X 76 X 12.7-mm angle cross section of Prob. 9.78 with 
respect to new centroidal axes obtained by rotating the x and y 
axes 45° counterclockwise. 


9.85 For the quarter ellipse of Prob. 9.67, determine the orientation of 
the principal axes at the origin and the corresponding values of the 
moments of inertia. 


9.86 through 9.88 For the area indicated, determine the orientation 
of the principal axes at the origin and the corresponding values of 
the moments of inertia. 

9.86 Area of Prob. 9.72 
9.87 Area of Prob. 9.73 
9.88 Area of Prob. 9.75 


9.89 and 9.90 For the angle cross section indicated, determine the 
orientation of the principal axes at the origin and the corresponding 
values of the moments of inertia. 

9.89 The L3 X 2 X j-in. angle cross section of Prob. 9.74 
9.90 The L127 X 76 X 12.7-mm angle cross section of 
Prob. 9.78 


*9.10 MOHR’S CIRCLE FOR MOMENTS 
AND PRODUCTS OF INERTIA 


The circle used in the preceding section to illustrate the relations exist- 
ing between the moments and products of inertia of a given area with 
respect to axes passing through a fixed point O was first introduced by 
the German engineer Otto Mohr (1835-1918) and is known as Mohr's 
circle. It will be shown that if the moments and product of inertia of 
an area A are known with respect to two rectangular x and y axes which 
pass through a point O, Mohr’ circle can be used to graphically deter- 
mine (a) the principal axes and principal moments of inertia of the area 
about O and (b) the moments and product of inertia of the area with 
respect to any other pair of rectangular axes x’ and y’ through O. 
Consider a given area A and two rectangular coordinate axes x 
and y (Fig. 9.19a). Assuming that the moments of inertia 1, and Ly 
and the product of inertia I, are known, we will represent them on 
a diagram by plotting a point X of coordinates [, and I, and a point Y 
of coordinates I, and —I,, (Fig. 9.19b). If I,, is positive, as assumed 
in Fig. 9.19a, point X is located above the horizontal axis and point Y 
is located below, as shown in Fig. 9.19b. If I, is negative, X is located 
below the horizontal axis and Y is located above. Joining X and Y 
with a straight line, we denote by C the point of intersection of line 
XY with the horizontal axis and draw the circle of center C and 
diameter XY. Noting that the abscissa of C and the radius of the 
circle are respectively equal to the quantities [,,, and R defined by 
the formula (9.23), we conclude that the circle obtained is Mohr’s 
circle for the given area about point O. Thus, the abscissas of the 
points A and B where the circle intersects the horizontal axis represent 
respectively the principal moments of inertia I)... and Ii, of the area. 
We also note that, since tan (XCA) = Woy! Ty - 1) the angle XCA 
is equal in magnitude to one of the angles 26,, which satisfy Eq. (9.25); 


[—Lnin 


Fig. 9.19 


thus, the angle 6,,, which defines in Fig. 9.19a the principal axis Oa 
corresponding to point A in Fig. 9.19b, is equal to half of the angle 
XCA of Mohr’ circle. We further observe that if I, > I, and I, > 0, 
as in the case considered here, the rotation which brings CX into CA 
is clockwise. Also, under these conditions, the angle @,, obtained 
from Eq. (9.25), which defines the principal axis Oa in Fig. 9.19a, is 
negative; thus, the rotation which brings Ox into Oa is also clockwise. 
We conclude that the senses of rotation in both parts of Fig. 9.19 
are the same. If a clockwise rotation through 26, is required to bring 
CX into CA on Mohr’ circle, a clockwise rotation through 6, will 
bring Ox into the corresponding principal axis Oa in Fig. 9.19a. 

Since Mohr’s circle is uniquely defined, the same circle can be 
obtained by considering the moments and product of inertia of the 
area A with respect to the rectangular axes x’ and y’ (Fig. 9.19). 
The point X’ of coordinates I,, and I, and the point Y’ of coordi- 
nates I,, and —I,, are thus located on Mohr’: circle, and the angle 
X'CA in Fig. 9.19b must be equal to twice the angle x’Oa in Fig. 9.19a. 
Since, as noted above, the angle XCA is twice the angle xOa, it 
follows that the angle XCX’ in Fig. 9.19b is twice the angle xOx’ in 
Fig. 9.19a. The diameter X'Y', which defines the moments and prod- 
uct of inertia I,, I, and I, of the given area with respect to rect- 
angular axes x’ and y’ forming an angle @ with the x and y axes can 
be obtained by rotating through an angle 26 the diameter XY which 
corresponds to the moments and product of inertia [,, I, and Ivy. 
We note that the rotation which brings the diameter XY into the 
diameter X'Y’ in Fig. 9.19b has the same sense as the rotation which 
brings the x and y axes into the x’ and y’ axes in Fig. 9.19a. 

It should be noted that the use of Mohr’s circle is not limited 
to graphical solutions, i-e., to solutions based on the careful drawing 
and measuring of the various parameters involved. By merely sketch- 
ing Mohr’s circle and using trigonometry, one can easily derive the 
various relations required for a numerical solution of a given problem 
(see Sample Prob. 9.8). 
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L152 x 102 x 12.7 


Tel MO mm?) 


Y(2.59, +2.54) 


ee 
T,, Ty 
(106 mm4) 


X(7.20, —2.54) 


xy 


4.895 x 10° mm4 


x’ 


3.430 x 106 


mm4 


SAMPLE PROBLEM 9.8 


For the section shown, the moments and product of inertia with respect to 
the x and y axes are known to be 


I, = 7.20 X 10°mm* 1, = 2.59 X 10°mm* I, = —2.54 X 10° mm?* 
Using Mohr’s circle, determine (a) the principal axes of the section about O, 
(b) the values of the principal moments of inertia of the section about O, 
(c) the moments and product of inertia of the section with respect to the 
x’ and y’ axes which form an angle of 60° with the x and y axes. 


SOLUTION 


Drawing Mohr’s Circle. We first plot point X of coordinates I, = 7.20, Iy = 
—2.54, and point Y of coordinates I, = 2.59, —I,, = +2.54. Joining X and 
Y with a straight line, we define the center C of Mohr’s circle. The abscissa 
of C, which represents [,,., and the radius R of the circle can be measured 


directly or calculated as follows: 
Taye = OC = 3(I, + I,) = 3(7.20 X 10° + 2.59 X 10°) = 4.895 X 10° mm* 
CD = 3(L, — 1,) = 3(7.20 X 10° — 2.59 x 10°) = 2.305 x 10° mm4 


R = V(CD)2 + (DX)? = V(2.305 x 10?) (2.54 10") 
= 3.430 X 10° mm? 


a. Principal Axes. The principal axes of the section correspond to points 
A and B on Mohr’s circle, and the angle through which we should rotate 
CX to bring it into CA defines 26,,. We have 
DX 2.54 
2 1.102 26, =47.8°5 6, =23.9° 

tan 26, CD 2.305 1 5 \ < 
Thus, the principal axis Oa corresponding to the maximum value of the moment 
of inertia is obtained by rotating the x axis through 23.9° counterclockwise; the 
principal axis Ob corresponding to the minimum value of the moment of inertia 
can be obtained by rotating the y axis through the same angle. 


b. Principal Moments of Inertia. The principal moments of inertia are 
represented by the abscissas of A and B. We have 


Imax = OA = OC + CA = Ine + R = (4.895 + 3.430)10° mm? 

[eee — S03 eeu Nomina ae 
Imm = OB = OC — BC = Ing — R = (4.895 — 3.430)10° mm* 

Law = L47 < 10° mmr 


c. Moments and Product of Inertia with Respect to the x’ and y’ Axes. 
On Mohr’s circle, the points X’ and Y’, which correspond to the x’ and y’ 
axes, are obtained by rotating CX and CY through an angle 26 = 2(60°) = 
120° counterclockwise. The coordinates of X’ and Y’ yield the desired 
moments and product of inertia. Noting that the angle that CX’ forms with 
the horizontal axis is @ = 120° — 47.8° = 72.2°, we write 
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20, =47.8° 


26 = 120° 
eC Lely 
NY, 


I, = OF = OC + CF = 4.895 X 10° mm? + (3.430 X 10° mm‘) cos 72.2° 
I. = 5.94 X 10° mm* < 
ly = OG = OC — GC = 4.895 x 10° mm* — (3.430 X 10° mm‘) cos 72.2° 
Iy = 3.85 X 10°mm* <4 

Ivy = FX’ = (3.430 X 10° mm‘) sin 72.2° . 
Eyal OS 10° mm* < 


SOLVING FROBLEMS 
YN TOUR OWN 


ik the problems for this lesson, you will use Mohr’s circle to determine the 
moments and products of inertia of a given area for different orientations of 
the coordinate axes. Although in some cases using Mohr’s circle may not be as 
direct as substituting into the appropriate equations [Eqs. (9.18) through (9.20)], 
this method of solution has the advantage of providing a visual representation of 
the relationships among the various variables. Further, Mohr’s circle shows all of 
the values of the moments and products of inertia which are possible for a given 


problem. 


Using Mohr’s circle. The underlying theory was presented in Sec. 9.9, and we 
discussed the application of this method in Sec. 9.10 and in Sample Prob. 9.8. In 
the same problem, we presented the steps you should follow to determine the 
principal axes, the principal moments of inertia, and the moments and product of 
inertia with respect to a specified orientation of the coordinates axes. When you 
use Mohr’s circle to solve problems, it is important that you remember the follow- 
ing points. 

a. Mohr’s circle is completely defined by the quantities R and I,,-, which 
represent, respectively, the radius of the circle and the distance from the origin O 
to the center C of the circle. These quantities can be obtained from Eqs. (9.23) 
if the moments and product of inertia are known for a given orientation of the 
axes. However, Mohr’s circle can be defined by other combinations of known val- 
ues [Probs. 9.103, 9.106, and 9.107]. For these cases, it may be necessary to first 
make one or more assumptions, such as choosing an arbitrary location for the 
center when [,,. is unknown, assigning relative magnitudes to the moments of 
inertia (for example, I, > I,), or selecting the sign of the product of inertia. 

b. Point X of coordinates (I,, |,,) and point Y of coordinates (I,, —I,y) are both 
located on Mohr’s circle and are diametrically opposite. 

c. Since moments of inertia must be positive, the entire Mohr’s circle must lie 
to the right of the [,, axis; it follows that I,,. > R for all cases. 

d. As the coordinate axes are rotated through an angle @, the associated 
rotation of the diameter of Mohr’s circle is equal to 26 and is in the same sense 
(clockwise or counterclockwise). We strongly suggest that the known points on the 
circumference of the circle be labeled with the appropriate capital letter, as was 
done in Fig. 9.19b and for the Mohr circles of Sample Prob. 9.8. This will enable 
you to determine, for each value of 6, the sign of the corresponding product of 
inertia and to determine which moment of inertia is associated with each of the 
coordinate axes [Sample Prob. 9.8, parts a and c]. 


Although we have introduced Mohr’s circle within the specific context of the study 
of moments and products of inertia, the Mohr circle technique is also applicable 
to the solution of analogous but physically different problems in mechanics of 
materials. This multiple use of a specific technique is not unique, and as you pur- 
sue your engineering studies, you will encounter several methods of solution which 
can be applied to a variety of problems. 
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PROBLEMS 


9.91 


9.92 


9.93 


9.94 


9.95 


9.96 


9.97 


9.98 


9.103 


Using Mohr’s circle, determine for the quarter ellipse of Prob. 9.67 
the moments of inertia and the product of inertia with respect to 
new axes obtained by rotating the x and y axes about O (a) through 
45° counterclockwise, (b) through 30° clockwise. 


Using Mohr’s circle, determine the moments of inertia and the 
product of inertia of the area of Prob. 9.72 with respect to new 
centroidal axes obtained by rotating the x and y axes 30° 
counterclockwise. 


Using Mohr’s circle, determine the moments of inertia and the 
product of inertia of the area of Prob. 9.73 with respect to new 
centroidal axes obtained by rotating the x and y axes 60° 
counterclockwise. 


Using Mohr’s circle, determine the moments of inertia and the prod- 
uct of inertia of the area of Prob. 9.75 with respect to new centroidal 
axes obtained by rotating the x and y axes 45° clockwise. 


Using Mohr’s circle, determine the moments of inertia and the 
product of inertia of the L3 X 2 X 4-in. angle cross section of 
Prob. 9.74 with respect to new centroidal axes obtained by rotating 


the x and y axes 30° clockwise. 


Using Mohr’s circle, determine the moments of inertia and the 
product of inertia of the L127 X 76 X 12.7-mm angle cross section 
of Prob. 9.78 with respect to new centroidal axes obtained by rotat- 
ing the x and y axes 45° counterclockwise. 


For the quarter ellipse of Prob. 9.67, use Mohr’s circle to deter- 
mine the orientation of the principal axes at the origin and the 
corresponding values of the moments of inertia. 


through 9.102 Using Mohr’s circle, determine for the area 
indicated the orientation of the principal centroidal axes and the 
corresponding values of the moments of inertia. 

9.98 Area of Prob. 9.72 

9.99 Area of Prob. 9.76 

9.100 Area of Prob. 9.73 

9.101 Area of Prob. 9.74 

9.102 Area of Prob. 9.77 _ 
(The moments of inertia I, and I, of the area of Prob. 9.102 were 
determined in Prob. 9.44.) 


The moments and product of inertia of an L4 X 3 X }-in. angle 
cross section with respect to two rectangular axes x and y through 
C are, respectively, I, = 1.33 in’, L, = 2.19 in*, and Loe with 
the minimum value of the moment of inertia of the area with respect 
to any axis through C being Ij, = 0.692 in*. Using Mohr’s circle, 
determine (a) the product of inertia I, of the area, (b) the orienta- 
tion of the principal axes, (c) the value of Inax. 


9.104 


*9.106 


9.107 


9.108 


9.109 


9.110 


and 9.105 Using Mohr’s circle, determine for the cross section 
of the rolled-steel angle shown the orientation of the principal 
centroidal axes and the corresponding values of the moments of 
inertia. (Properties of the cross sections are given in Fig. 9.13.) 


y 
6Awim 24.9 mm 
{12.4 mm 
e 
C Xx 
51mm 
| L76x51x6.4—7 
| 
—| k- 6.4mm 
Kx 76mm >| 
Fig. P9.104 


For a given area the moments of inertia with respect_ to two rect- 
angular centroidal x and y axes are T, = 1200 in‘ and I, = 300i in’, 
respectively. Knowing that after rotating the x and y axes about fie 
centroid 30° counterclockwise, the moment of inertia relative to 
the rotated x axis is 1450 in*, use Mohr’s circle to determine 
(@) the orientation of the principal axes, (b) the principal centroidal 
moments of inertia. 


It is known that for a given area a = 48 X 10° mm‘ and is 
—20 X 10° mm‘, where the x and y aes are rectangular ees 
axes. If the axis corresponding to the maximum product of inertia 
is obtained by rotating the x axis 67.5° counterclockwise about C, 
use Mohr’s circle to determine (a) the moment of inertia L, of the 
area, (b) the principal centroidal moments of inertia. 


Using Mohr’s circle, show that for any regular polygon (such as a 
pentagon) (a) the moment of inertia with respect to every axis 
through the centroid is the same, (b) the product of inertia with 
respect to every pair of rectangular axes through the centroid is 
ZeYO. 


Using Mohr’s circle, prove that the expression II, — i, y' is inde- 
pendent of the orientation of the x’ and y’ axes, where I,, Ij, and 
Ivy represent the moments and product of inertia, respectively, of 
a given area with respect to a pair of rectangular axes x’ and y’ 
through a given point O. Also show that the given expression is 
equal to the square of the length of the tangent drawn from the 


origin of the coordinate system to Mohr’s circle. 


Using the invariance property established in the preceding prob- 
lem, express the product of inertia I, of an area A with respect to 
a pair of rectangular axes through O in terms of the moments of 
ae I, and I, , of A and the principal moments of inertia I,,;,, and 
Imax Of A about O. Use the formula obtained to calculate the prod- 
uct of inertia I, of the L3 x 2 X ;-in. angle cross section shown 
in Fig. 9. 13A, knowing that its maximum moment of inertia is 
1.257 in’, 


Problems 51 ] 


y 
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12.7 mm |\ 


>) 
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y 


127 mm 
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MOMENTS OF INERTIA OF MASSES 


9.11 MOMENT OF INERTIA OF A MASS 


Consider a small mass Am mounted on a rod of negligible mass 
which can rotate freely about an axis AA’ (Fig. 9.20a). If a couple 
is applied to the system, the rod and mass, assumed to be initially 
at rest, will start rotating about AA’. The details of this motion will 
be studied later in dynamics. At present, we wish only to indicate 
that the time required for the system to reach a given speed of 
rotation is proportional to the mass Am and to the square of the 
distance r. The product r? Am provides, therefore, a measure of 
the inertia of the system, i.e., a measure of the resistance the sys- 
tem offers when we try to set it in motion. For this reason, the 
product r? Am is called the moment of inertia of the mass Am with 
respect to the axis AA’. 


Consider now a body of mass m which is to be rotated about 
an axis AA’ (Fig. 9.20b). Dividing the body into elements of mass 
Am, Ams, etc., we find that the body’s resistance to being rotated is 
measured by the sum r_ Am, + rz Am, + «+. This sum defines, 
therefore, the moment of inertia of the body with respect to the axis 
AA’. Increasing the number of elements, we find that the moment 
of inertia is equal, in the limit, to the integral 


(9.28) 


The radius of gyration k of the body with respect to the axis 
AA’ is defined by the relation 


Il=k’m or k= - (9.29) 


The radius of gyration k represents, therefore, the distance at which 
the entire mass of the body should be concentrated if its moment of 
inertia with respect to AA’ is to remain unchanged (Fig. 9.20c). 
Whether it is kept in its original shape (Fig. 9.20b) or whether it is 
concentrated as shown in Fig. 9.20c, the mass m will react in the 
same way to a rotation, or gyration, about AA’. 

If SI units are used, the radius of gyration k is expressed in 
meters and the mass m in kilograms, and thus the unit used for the 
moment of inertia of a mass is kg - m’. If U.S. customary units are 
used, the radius of gyration is expressed in feet and the mass in slugs 
(i.e., in Ib - s°/ft), and thus the derived unit used for the moment of 
inertia of a mass is lb - ft - s?.f 

The moment of inertia of a body with respect to a coordinate 
axis can easily be expressed in terms of the coordinates x, y, z 
of the element of mass dm (Fig. 9.21). Noting, for example, that 
the square of the distance r from the element dm to the y axis is 
z° + x”, we express the moment of inertia of the body with respect 
to the y axis as 


1, =| Pam =| (22 + x”) dm 


Similar expressions can be obtained for the moments of inertia with 
respect to the x and z axes. We write 


(9.30) 


tIt should be kept in mind when converting the moment of inertia of a mass from 
U.S. customary units to SI units that the base unit pound used in the derived unit 
Ib: ft +s” is a unit of force (not of mass) and should therefore be converted into 
newtons. We have 


1 Ib: ft: s? = (4.45 N)(0.3048 m)(1 s)? = 1.356 N+ m-s” 
or, since 1 N = 1 kg: m/s”, 


1 Ib: ft: s° = 1.356 kg» m* 


9.11 Moment of Inertia of a Mass 5 | 3 


Fig. 9.21 


Photo 9.2 As you will discuss in your dynamics 
course, the rotational behavior of the camshaft 
shown is dependent upon the mass moment of 
inertia of the camshaft with respect to its axis of 
rotation. 
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y' Consider a body of mass m. Let Oxyz be a system of rectangular coor- 
dinates whose origin is at the arbitrary point O, and Gx'y'z’ a system 
of parallel centroidal axes, i.e., a system whose origin is at the center of 
gravity G of the bodyt and whose axes x’, y’, z’ are parallel to the x, y, 
and z axes, respectively (Fig. 9.22). Denoting by x, y, z the coordinates 
of G with respect to Oxyz, we write the following relations between 
the coordinates x, y, z of the element dm with respect to Oxyz and its 


te bash. 


coordinates x’, y’, z’ with respect to the centroidal axes Gx'y'z’: 

x=x +x y=y ty s=e'+% (9.31) 
Referring to Eqs. (9.30), we can express the moment of inertia of 
the body with respect to the x axis as follows: 


iL, =[y’ + 27) dm =| ly’ + y) + (z' +2z)*] dm 


=|" + 2')dm + 27 y'dm + 25 | 2’ dm +(y° + =) | dm 


The first integral in this expression represents the moment of inertia 
I,, of the body with respect to the centroidal axis x’; the second and 
third integrals represent the first moment of the body with respect 
to the z'x’ and x’y’ planes, respectively, and, since both planes con- 
tain G, the two integrals are zero; the last integral is equal to the 
total mass m of the body. We write, therefore, 


(9.32’) 


and, similarly, 


We easily verify from Fig. 9.22 that the sum z 24 x7 represents 
the square of the distance OB between the y and y’ axes. Similarly, 
y +z andx° + 7” represent the squares of the distance between 
the x and x’ axes and the z and 2’ axes, respectively. Denoting by d 
the distance between an arbitrary axis AA’ and a parallel centroidal 
axis BB’ (Fig. 9.23), we can, therefore, write the following general 
relation between the moment of inertia I of the body with respect 
to AA’ and its moment of inertia I with respect to BB’: 


Expressing the moments of inertia in terms of the corresponding 


° radii of gyration, we can also write 
ke =k +d? (9.34) 
Fig. 9.23 where k and k represent the radii of gyration of the body about AA‘ 


and BB’, respectively. 


tNote that the term centroidal is used here to define an axis passing through the center 
of gravity G of the body, whether or not G coincides with the centroid of the volume of 
the body. 


9.13 MOMENTS OF INERTIA OF THIN PLATES 


Consider a thin plate of uniform thickness t, which is made of a 
homogeneous material of density p (density = mass per unit vol- 
ume). The mass moment of inertia of the plate with respect to an 
axis AA’ contained in the plane of the plate (Fig. 9.24a) is 


Tay, mass — | r dm 
Since dm = pt dA, we write 


Taw’, mass — pt | r dA 


But r represents the distance of the element of area dA to the axis 


Fig. 9.24 


AA’; the integral is therefore equal to the moment of inertia of the 
area of the plate with respect to AA’. We have 


TAA’ mass = Ptl ya’ area (9.35) 


Similarly, for an axis BB’ which is contained in the plane of the plate 
and is perpendicular to AA’ (Fig. 9.24b), we have 


TB) mass = ptl pp’ area (9.36) 


Considering now the axis CC’ which is perpendicular to the 
plate and passes through the point of intersection C of AA’ and BB’ 
(Fig. 9.24c), we write 


Iec' mass _ Pt] carea (9.37) 


where Jc is the polar moment of inertia of the area of the plate with 
respect to point C. 

Recalling the relation Jc = 44: + Ig: which exists between 
polar and rectangular moments of inertia of an area, we write the 
following relation between the mass moments of inertia of a thin 
plate: 


Tec = Taya’ ate Tp’ (9.38) 


9.13 Moments of Inertia of Thin Plates 


515 


516 Distributed Forces: Moments of Inertia 


dm= ptr? dx “ue? 
dl, = sh dm 

dl, =dly + x? dm= (4r2 + x2)dm 

dl, = dl, + x2 dm= (Gr + x2)dn 


Fig. 9.27 Determination of the moment of 
inertia of a body of revolution. 


Rectangular Plate. In the case of a rectangular plate of sides a 
and b (Fig. 9.25), we obtain the following mass moments of inertia 
with respect to axes through the center of gravity of the plate: 


Ta’ mass = ptl 4’ area = pt (q3a°b) 
Tgp" mass = ptl gp’ area = pt(jzab*) 
Observing that the product pabt is equal to the mass m of the plate, 
we write the mass moments of inertia of a thin rectangular plate as 
follows: 
Iyy = ma? Igy = amb? (9.39) 
Ic = Iga: + Ipp = ygm(a” + b*) (9.40) 


Circular Plate. In the case of a circular plate, or disk, of radius r 
(Fig. 9.26), we write 
LA dtcmnaes = ptl ya’ avea = pt(47r*) 

Observing that the product pzr’t is equal to the mass m of the plate 
and that I44° = Ig, we write the mass moments of inertia of a circular 
plate as follows: 

live =1op =" (9.41) 

Ice: = Iga + Ipp = mr (9.42) 


9.14 DETERMINATION OF THE MOMENT OF INERTIA 
OF A THREE-DIMENSIONAL BODY 
BY INTEGRATION 


The moment of inertia of a three-dimensional body is obtained by 
evaluating the integral I = f r’dm. If the body is made of a homo- 
geneous material of density p, the element of mass dm is equal to 
p dV and we can write I = pf r° dV. This integral depends only upon 
the shape of the body. Thus, in order to compute the moment of 
inertia of a three-dimensional body, it will generally be necessary to 
perform a triple, or at least a double, integration. 

However, if the body possesses two planes of symmetry, it is 
usually possible to determine the body’s moment of inertia with a 
single integration by choosing as the element of mass dm a thin slab 
which is perpendicular to the planes of symmetry. In the case of 
bodies of revolution, for example, the element of mass would be a 
thin disk (Fig. 9.27). Using formula (9.42), the moment of inertia of 
the disk with respect to the axis of revolution can be expressed as 
indicated in Fig. 9.27. Its moment of inertia with respect to each of 
the other two coordinate axes is obtained by using formula (9.41) 
and the parallel-axis theorem. Integration of the expression obtained 
yields the desired moment of inertia of the body. 


9.15 MOMENTS OF INERTIA OF COMPOSITE BODIES 


The moments of inertia of a few common shapes are shown in 
Fig. 9.28. For a body consisting of several of these simple shapes, the 
moment of inertia of the body with respect to a given axis can be 
obtained by first computing the moments of inertia of its component 
parts about the desired axis and then adding them together. As was 
the case for areas, the radius of gyration of a composite body cannot 
be obtained by adding the radii of gyration of its componet parts. 


9.15 Moments of Inertia of 51 7 
Composite Bodies 


Slender rod 


Thin rectangular plate 


1 
se ise’ 2! 
I, 6 m(b2 + c?) 
Rectangular prism ie = m(c2 + a2) 
= hn tn? % Be 
[= 73 m(@? + b?) 
y 
eg 
I. = 5mr? 
Thin disk Foe bg 
I, =1,= = mr? 
y & 4 
z x 
1 
LL. = >ma? 
Circular cylinder 2 : 
=p oe mige2? + 12 
Lal =5 m(3a2 + L?) 
2 mae 
L.= pine , 
L=L m(—a2 + h2 
Circular cone y 5 G ) 


Sphere 


Fig. 9.28 Mass moments of inertia of common geometric shapes. 
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SAMPLE PROBLEM 9.9 


Determine the moment of inertia of a slender rod of length L and mass m 
with respect to an axis which is perpendicular to the rod and passes through 
one end of the rod. 


SOLUTION 


Choosing the differential element of mass shown, we write 


SAMPLE PROBLEM 9.10 


For the homogeneous rectangular prism shown, determine the moment of 
inertia with respect to the < axis. 


SOLUTION 


We choose as the differential element of mass the thin slab shown; thus 
dm = pbc dx 


Referring to Sec. 9.13, we find that the moment of inertia of the element 
with respect to the 2’ axis is 


dl. = 4b? dm 


Applying the parallel-axis theorem, we obtain the mass moment of inertia 
of the slab with respect to the z axis. 


dl, = dl, + x? dm = jb? dm + x? dm = (yb? + x7) pbe dx 


Integrating from x = 0 to x = a, we obtain 


I. =| ar. -| (bb? + x*)pbe dx = pabc(;5b? + 4a’) 
0 


Since the total mass of the prism is m = pabc, we can write 
L= m(7xb* af 5a") L= im (4a” +b’) <« 


We note that if the prism is thin, b is small compared to a, and the expression 
for I, reduces to éma’, which is the result obtained in Sample Prob. 9.9 
when L = a. 


SAMPLE PROBLEM 9.11 


Determine the moment of inertia of a right circular cone with respect to 
(a) its longitudinal axis, (b) an axis through the apex of the cone and per- 
pendicular to its longitudinal axis, (c) an axis through the centroid of the 
cone and perpendicular to its longitudinal axis. 


SOLUTION 


We choose the differential element of mass shown. 


2 
r=a_ dm = par dx = pm ak dx 


a. Moment of Inertia |,. Using the expression derived in Sec. 9.13 for a 
thin disk, we compute the mass moment of inertia of the differential ele- 
ment with respect to the x axis. 


4 


\2 2 
dL, = 3r'dm = (2%) (on Sx ax) = bem x dx 


Integrating from x = 0 tox = h, we obtain 


h wo at h?° 
I, = | dl, -| Spt a dx = 5p ee pta‘h 
" h h* 5 


Since the total mass of the cone is m = 4pzra7h, we can write 
L, = hptath = 3a" (spma*h) = -ma? l,=jma < 
b. Moment of Inertia I,. The same differential element is used. Applying 


the parallel-axis theorem and using the expression derived in Sec. 9.13 for 
a thin disk, we write 


dl, = dl, +x2dm = +r dm + x?dm = Gr + x7) dm 


Substituting the expressions for r and dm into the equation, we obtain 


as 9 ie ata 
aly = Ga AP 3 (er Se a) = px (5 1 eta 


balan nil See ea mE SP 
y gy) b pT 2 Ah2 ! 4 a ae) Ah? ! 5 


Introducing the total mass of the cone m, we rewrite I, as follows: 


y y" in 3(4a? + h?)tpma*h Li am(ta> +h?) <4 


3 

4 c. Moment of Inertia I. We apply the parallel-axis theorem and write 
I, = I, + mx” 

ra x Solving for I, and recalling that x = 3h, we have 


s Iyr Si mx = 3m(fa® + h?) — m(3h)? 


L ip Z| a m(a* + th?) q 


y" 
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SAMPLE PROBLEM 9.12 


A steel forging consists of a6 X 2 X 2-in. rectangular prism and two cylin- 


lin. ders of diameter 2 in. and length 3 in. as shown. Determine the moments 


of inertia of the forging with respect to the coordinate axes, knowing that 
the specific weight of steel is 490 Ib/ft®. 


SOLUTION 


Computation of Masses 
Prism 


V = (2 in.)(2 in.)(6 in.) = 24 in® 


24 in®)(490 Ib/ft? 
saa 
1728 in°/ft 
811 
pe enous 
32.2 ft/s 


Each Cylinder 
V = w(lin.)?(3 in.) = 9.42 in® 


9.42 in®)(490 lb/ft? 
Fe eas 
1728 in®/ft 
2.67 Ib 
m = ———~ = 0.0829 lb - s°/ft 
32.2 ft/s 


Moments of Inertia. The moments of inertia of each component are com- 
puted from Fig. 9.28, using the parallel-axis theorem when necessary. Note 
that all lengths should be expressed in feet. 


Prism 


L, = 1, = 4 (0.211 lb - s°/ft)[( ft)? + (% ft)?] = 4.88 X 107-7 Ib - ft - s? 
I, = 79(0.211 Ib - s°/ft)[ (= ft)” + (fo ft)*] = 0.977 X 10-7 Ib - ft: s” 


Each Cylinder 


L, = 3ma® + my” = (0.0829 lb - s”/ft) (qs ft)? 
+ (0.0829 Ib - s”/ft)(# ft)? = 2.59 X 10°°Ib = ft - s” 
I, = qam(3a° + L*) = mx* = 75(0.0829 lb - s°/ft)[3(G5 ft)” + Gy ft)"] 
+ (0.0829 Ib - s?/ft)(33 ft)? = 4.17 x 10° Ib - ft - s’ 
i, =m(Ga +L?) + ma + y°) = 7 (0.0829 Ib : sft) [35 ft) + ft) 
+ (0.0829 Ib - s*/ft) [(42 ft)? + (7 ft)?] = 6.48 X 10°" Ib - ft - s* 


Entire Body. Adding the values obtained, 


L, = 488 X 107° + 2(2.59 x 107°) iL = W008 XG? Ihe feos 
I, = 0.977 X 10° + 2(4.17X 10°) = 1, = 9.32 X 10° lb - ft - s 
i = 485 x 10° + 9648 < 108) b= 1784 < 10" Ib tee s 


bo bo bo 


< 
< 
< 


SAMPLE PROBLEM 9.13 


A thin steel plate which is 4 mm thick is cut and bent to form the machine 
part shown. Knowing that the density of steel is 7850 kg/m’, determine the 
moments of inertia of the machine part with respect to the coordinate axes. 


SOLUTION 


We observe that the machine part consists of a semicircular plate and a 
rectangular plate from which a circular plate has been removed. 


Dimensions in mm 


| 


r= 0.08 m Computation of Masses. Semicircular Plate 
V, = $rr’t = $77(0.08 m)?(0.004m) = 40.21 x 107° m® 
m, = pV, = (7.85 X 10° kg/m*)(40.21 x 107° m°) = 0.3156 kg 
Rectangular Plate 
V. = (0.200 m)(0.160 m)(0.004 m) = 128 X 107° m° 
mM: = pV2 = (7.85 X 10° kg/m*)(128 x 107° m?) = 1.005 kg 
Circular Plate 
V3; = mat = 7 (0.050 m)2(0.004 m) = 31.42 X 107° m? 
m3 = pV3 = (7.85 X 10° kg/m*)(31.42 X 10° m*) = 0.2466 kg 
Moments of Inertia. Using the method presented in Sec. 9.13, we com- 
pute the moments of inertia of each component. 


c=0.16 m 


Semicircular Plate. From Fig. 9.28, we observe that for a circular plate 
of mass m and radius r 

L, = §mr° iL, = 1 = tmr- 
Because of symmetry, we note that for a semicircular plate 


1, = $(gmr) l= i= 3(4mr*) 


Since the mass of the semicircular plate is m, = zm, we have 


1, = 3myr” = 5(0.3156 kg)(0.08 m)? = 1.010 X 10-*kg -m 
1, = 1, = ggmr>) = ymyr* = 5(0.3156 kg)(0.08 m)* = 0.505 X 107° kg + m? 


Rectangular Plate 

I, = qgmge” = 7p(1.005 kg)(0.16 m)* = 2.144 X 10 °kg - m* 

1, = amp = 5(1.005ks)(0.2m)? = 13.400 x 10° ke» m* 

f= i 1, = (2.144 13:400)(105*) = 15.544 < 10" ke =m? 


ul 
Circular Plate 
L, = imga? = +(0.2466 kg)(0. 05m)? = 0.154 x 107 Ske: m? 
= Ss + m3d? 
ACO: 2466 kg)(0.05 m)” + (0.2466 kg)(0.1 m)* = 2.774 X 10 “kg - m* 
ee mad = HO: 2466 kg)(0.05 m)? + (0.2466 kg)(0.1 m)? 
= 2.620 X 10 °kg - m? 


Entire Machine Part 


= (1.010 + 2.144 — 0.154)(10~ 2 ks: m i= 3.00) «108 ole m < 
f je ee 15.544 — 2.774)(10* ‘) kg: m’ I,=1328X10°kg-m < 
= (0.505 + 13.400 — 2.620)(10°°) kg-m? I, =11.29X10°kg-m’ < 
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SOLVING PROBLEMS 
JN TOUR OWN 


L. this lesson we introduced the mass moment of inertia and the radius of gyra- 
tion of a three-dimensional body with respect to a given axis [Eqs. (9.28) and 
(9.29)]. We also derived a parallel-axis theorem for use with mass moments of 
inertia and discussed the computation of the mass moments of inertia of thin plates 
and three-dimensional bodies. 


1. Computing mass moments of inertia. The mass moment of inertia I of a body 
with respect to a given axis can be calculated directly from the definition given in 
Eq. (9.28) for simple shapes [Sample Prob. 9.9]. In most cases, however, it is 
necessary to divide the body into thin slabs, compute the moment of inertia of a 
typical slab with respect to the given axis—using the parallel-axis theorem if neces- 
sary—and integrate the expression obtained. 


2. Applying the parallel-axis theorem. In Sec. 9.12 we derived the parallel-axis 
theorem for mass moments of inertia 


I=1+ md (9.33) 


which states that the moment of inertia I of a body of mass m with respect to a 
given axis is equal to the sum of the moment of inertia I of that body with respect 
to a parallel centroidal axis and the product md”, where d is the distance between 
the two axes. When the moment of inertia of a three-dimensional body is calcu- 
lated with respect to one of the coordinate axes, d* can be replaced by the sum of 
the squares of distances measured along the other two coordinate axes [Eqs. (9.32) 
and (9.32’)]. 


3. Avoiding unit-related errors. To avoid errors, it is essential that you be con- 
sistent in your use of units. Thus, all lengths should be expressed in meters or 
feet, as appropriate, and for problems using U.S. customary units, masses should 
be given in lb - s*/ft. In addition, we strongly recommend that you include units 
as you perform your calculations [Sample Probs. 9.12 and 9.13]. 


4. Calculating the mass moment of inertia of thin plates. We showed in 
Sec. 9.13 that the mass moment of inertia of a thin plate with respect to a given 
axis can be obtained by multiplying the corresponding moment of inertia of the 
area of the plate by the density p and the thickness ¢ of the plate [Eqs. (9.35) 
through (9.37)]. Note that since the axis CC’ in Fig. 9.24c is perpendicular to the 
plate, Icc'mass is associated with the polar moment of inertia ]¢ area: 

Instead of calculating directly the moment of inertia of a thin plate with 
respect to a specified axis, you may sometimes find it convenient to first compute 
its moment of inertia with respect to an axis parallel to the specified axis and then 
apply the parallel-axis theorem. Further, to determine the moment of inertia of a 
thin plate with respect to an axis perpendicular to the plate, you may wish to first 
determine its moments of inertia with respect to two perpendicular in-plane axes 
and then use Eq. (9.38). Finally, remember that the mass of a plate of area A, 
thickness t, and density p is m = ptA. 


5. Determining the moment of inertia of a body by direct single integration. We 
discussed in Sec. 9.14 and illustrated in Sample Probs. 9.10 and 9.11 how single 
integration can be used to compute the moment of inertia of a body that can be 
divided into a series of thin, parallel slabs. For such cases, you will often need to 
express the mass of the body in terms of the body’s density and dimensions. Assum- 
ing that the body has been divided, as in the sample problems, into thin slabs 
perpendicular to the x axis, you will need to express the dimensions of each slab 
as functions of the variable x. 

a. In the special case of a body of revolution, the elemental slab is a thin 
disk, and the equations given in Fig. 9.27 should be used to determine the moments 
of inertia of the body [Sample Prob. 9.11]. 

b. In the general case, when the body is not of revolution, the differential 
element is not a disk, but a thin slab of a different shape, and the equations of 
Fig. 9.27 cannot be used. See, for example, Sample Prob. 9.10, where the element 
was a thin, rectangular slab. For more complex configurations, you may want to 
use one or more of the following equations, which are based on Eqs. (9.32) and 
(9.32') of Sec. 9.12. 


dl, = dly + (ya + Za) dm 
dl, = dl, “rE (Z2, c x71) dm 
di, = di, + (xq + ya) dm 


where the primes denote the centroidal axes of each elemental slab, and where 
Xeb Yel and %,, represent the coordinates of its centroid. The centroidal moments 
of inertia of the slab are determined in the manner described earlier for a thin 
plate: Referring to Fig. 9.12 on page 485, calculate the corresponding moments of 
inertia of the area of the slab and multiply the result by the density p and the 
thickness t of the slab. Also, assuming that the body has been divided into thin slabs 
perpendicular to the x axis, remember that you can obtain dl, by adding dI, and 
dI., instead of computing it directly. Finally, using the geometry of the body, express 
the result obtained in terms of the single variable x and integrate in x. 


6. Computing the moment of inertia of a composite body. As stated in Sec. 9.15, 
the moment of inertia of a composite body with respect to a specified axis is equal 
to the sum of the moments of its components with respect to that axis. Sample 
Probs. 9.12 and 9.13 illustrate the appropriate method of solution. You must also 
remember that the moment of inertia of a component will be negative only if the 
component is removed (as in the case of a hole). 


Although the composite-body problems in this lesson are relatively straightforward, 
you will have to work carefully to avoid computational errors. In addition, if some 
of the moments of inertia that you need are not given in Fig. 9.28, you will have 
to derive your own formulas, using the techniques of this lesson. 
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PROBLEMS 


9.111 


9.112 


Fig. P9.111 
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Fig. P9.113 


9.114 


Determine the mass moment of inertia of a ring of mass m, cut 
from a thin uniform plate, with respect to (a) the axis AA’, 
(b) the centroidal axis CC’ that is perpendicular to the plane of 
the ring. 


A thin semicircular plate has a radius a and a mass m. Determine 
the mass moment of inertia of the plate with respect to (a) the 
centroidal axis BB’, (b) the centroidal axis CC’ that is perpendicular 
to the plate. 


Fig. P9.112 


The quarter ring shown has a mass m and was cut from a thin, 
uniform plate. Knowing that r) = 3r, determine the mass moment 
of inertia of the quarter ring with respect to (a) the axis AA’, 
(b) the centroidal axis CC’ that is perpendicular to the plane of 
the quarter ring. 


The parabolic spandrel shown was cut from a thin, uniform 
plate. Denoting the mass of the spandrel by m, determine its 
mass moment of inertia with respect to (a) the axis BB’, (b) the 
axis DD’ that is perpendicular to the spandrel. (Hint: See Sample 
Prob. 9.3.) 


a 


B 


A 
Fig. P9.114 


9.115 


9.116 


9.117 


9.118 


9.119 


9.120 


9.121 


A thin plate of mass m was cut in the shape of a parallelogram as 
shown. Determine the mass moment of inertia of the plate with 
respect to (a) the x axis, (b) the axis BB’, which is perpendicular 
to the plate. 


A thin plate of mass m was cut in the shape of a parallelogram as 
shown. Determine the mass moment of inertia of the plate with 
respect to (a) the y axis, (b) the axis AA’, which is perpendicular 
to the plate. 


A thin plate of mass m has the trapezoidal shape shown. Determine 
the mass moment of inertia of the plate with respect to (a) the x axis, 


(b) the y axis. 


A thin plate of mass m has the trapezoidal shape shown. Determine 
the mass moment of inertia of the plate with respect to (a) the 
centroidal axis CC’ that is perpendicular to the plate, (b) the axis 
AA’ that is parallel to the x axis and is located at a distance 1.5a 
from the plate. 


The area shown is revolved about the x axis to form a homogeneous 
solid of revolution of mass m. Using direct integration, express the 
mass moment of inertia of the solid with respect to the x axis in 
terms of m and h. 


ae 


~< a >| 


Fig. P9.119 


Determine by direct integration the mass moment of inertia with 
respect to the y axis of the right circular cylinder shown, assuming 
that it has a uniform density and a mass m. 


The area shown is revolved about the x axis to form a homogeneous 
solid of revolution of mass m. Determine by direct integration the 
mass moment of inertia of the solid with respect to (a) the x axis, 
(b) the y axis. Express your answers in terms of m and the dimen- 
sions of the solid. 


y 
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Fig. P9.121 
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Fig. P9.117 and P9.118 


Fig. P9.120 


Problems 
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a—— 9.123 


a *9.124 


Fig. P9.122 and P9.123 


*9.125 


9.126 


Fig. P9.126 


Determine by direct integration the mass moment of inertia with 
respect to the x axis of the tetrahedron shown, assuming that it 
has a uniform density and a mass m. 


Determine by direct integration the mass moment of inertia with 
respect to the y axis of the tetrahedron shown, assuming that it 
has a uniform density and a mass m. 


Determine by direct integration the mass moment of inertia with 
respect to the z axis of the semiellipsoid shown, assuming that it 
has a uniform density and a mass m. 


Fig. P9.124 


A thin steel wire is bent into the shape shown. Denoting the mass 
per unit length of the wire by m’, determine by direct integration 
the mass moment of inertia of the wire with respect to each of the 
coordinate axes. 


(a2/3 = x2/3)3/2 


ee 


Fig. P9.125 


A thin triangular plate of mass m is welded along its base AB to 
a block as shown. Knowing that the plate forms an angle 6 with 
the y axis, determine by direct integration the mass moment of 
inertia of the plate with respect to (a) the x axis, (b) the y axis, 
(c) the z axis. 


9.127 Shown is the cross section of a molded flat-belt pulley. Determine Problems D7 
its mass moment of inertia and its radius of gyration with respect 
to the axis AA’. (The density of brass is 8650 kg/m? and the density 
of the fiber-reinforced polycarbonate used is 1250 kg/m?.) 


Polycarbonate 


+ 9.5mm | 


IK 17.5 mm | 


9.128 Shown is the cross section of an idler roller. Determine its mass 
moment of inertia and its radius of gyration with respect to the 
axis AA’. (The specific weight of bronze is 0.310 Ib/in®; of aluminum, 
0.100 Ib/in®: and of neoprene, 0.0452 Ib/in®,) 


Neoprene 
in. Aluminum 
Y : 
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Fig. P9.127 


9.129 Knowing that the thin cylindrical shell shown is of mass m, thick- 
ness t, and height h, determine the mass moment of inertia of the 
shell with respect to the x axis. (Hint: Consider the shell as formed 
by removing a cylinder of radius a and height h from a cylinder of 
radius a + ¢ and height h; then neglect terms containing fandt® 
and keep those terms containing t.) 


9.130 The machine part shown is formed by machining a conical surface 
into a circular cylinder. For b = zh, determine the mass moment 
of inertia and the radius of gyration of the machine part with 
respect to the y axis. 


Fig. P9.129 


Fig. P9.130 
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Fig. P9.131 9.133 


2.4 in. 


1.6 in. 
Fig. P9.132 


9.134 


After a period of use, one of the blades of a shredder has been 
worn to the shape shown and is of mass 0.18 kg. Knowing that the 
mass moments of inertia of the blade with respect to the AA’ and 
BB’ axes are 0.320 g + m” and 0.680 g: m”, respectively, determine 
(a) the location of the centroidal axis GG’, (b) the radius of gyration 
with respect to axis GG’. 


Determine the mass moment of inertia of the 0.9-lb machine com- 
ponent shown with respect to the axis AA’. 


A square hole is centered in and extends through the aluminum 
machine component shown. Determine (a) the value of a for which 
the mass moment of inertia of the component with respect to the 
axis AA’, which bisects the top surface of the hole, is maximum, 
(b) the corresponding values of the mass moment of inertia and 
the radius of gyration with respect to the axis AA’. (The specific 
weight of aluminum is 0.100 Ib/in*®.) 


Fig. P9.133 


The cups and the arms of an anemometer are fabricated from a 
material of density p. Knowing that the mass moment of inertia of 
a thin, hemispherical shell of mass m and thickness t with respect 
to its centroidal axis GG’ is 5ma?/12, determine (a) the mass 
moment of inertia of the anemometer with respect to the axis AA’, 
(b) the ratio of a to | for which the centroidal moment of inertia 
of the cups is equal to 1 percent of the moment of inertia of the 
cups with respect to the axis AA’. 


Fig. P9.134 


9.135 and 9.136 A 2-mm thick piece of sheet steel is cut and bent Problems 5DQ 
into the machine component shown. Knowing that the density of 
steel is 7850 kg/m’, determine the mass moment of inertia of the 
component with respect to each of the coordinate axes. 


120 mm 


Fig. P9.135 Fig. P9.136 


9.137 The cover for an electronic device is formed from sheet aluminum 
that is 0.05 in. thick. Determine the mass moment of inertia of 
the cover with respect to each of the coordinate axes. (The specific 
weight of aluminum is 0.100 Ib/in®,) 


Fig. P9.137 


1.25 in Ze 
AG 


Fig. P9.138 


9.138 A framing anchor is formed of 0.05-in.-thick galvanized steel. 
Determine the mass moment of inertia of the anchor with respect 
to each of the coordinate axes. (The specific weight of galvanized 
steel is 470 Ib/ft®.) 


9.139 A subassembly for a model airplane is fabricated from three pieces 
of 1.5-mm plywood. Neglecting the mass of the adhesive used to 
assemble the three pieces, determine the mass moment of inertia 
of the subassembly with respect to each of the coordinate axes. 
(The density of the plywood is 780 kg/m?.) Fig. P9.139 


530 _ Distributed Forces: Moments of Inertia *9.140 A farmer constructs a trough by welding a rectangular piece of 
2-mm-thick sheet steel to half of a steel drum. Knowing that the 
density of steel is 7850 kg/m? and that the thickness of the walls 

210 mihi of the drum is 1.8 mm, determine the mass moment of inertia of 
the trough with respect to each of the coordinate axes. Neglect 
the mass of the welds. 


9.141 The machine element shown is fabricated from steel. Determine 
the mass moment of inertia of the assembly with respect to 
(a) the x axis, (b) the y axis, (c) the z axis. (The density of steel is 
7850 kg/m*.) 


Fig. P9.140 


Fig. P9.141 


9.142 Determine the mass moment of inertia of the steel machine ele- 
ment shown with respect to the y axis. (The specific weight of steel 
is 490 Ib/ft®.) 


Fig. P9.142 and P9.143 


2 in. 


9.143 Determine the mass moment of inertia of the steel machine ele- 
ment shown with respect to the < axis. (The specific weight of steel 
is 490 Ib/ft?.) 


9.144 Determine the mass moment of inertia and the radius of gyration 
of the steel machine element shown with respect to the x axis. 
(The density of steel is 7850 kg/m*.) 


pa 
z 45 mm 
45 


Fig. P9.144 


9.145 Determine the mass moment of inertia of the steel fixture shown 
with respect to (a) the x axis, (b) the y axis, (c) the z axis. (The 
density of steel is 7850 kg/m?.) 


Fig. P9.145 


9.146 Aluminum wire with a weight per unit length of 0.033 lb/ft is used 
to form the circle and the straight members of the figure shown. 
Determine the mass moment of inertia of the assembly with 
respect to each of the coordinate axes. 


Fig. P9.146 


Problems 
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532 Distributed Forces: Moments of Inertia 9.147 The figure shown is formed of z-in.-diameter steel wire. Knowing 
that the specific weight of the steel is 490 Ib/ft?, determine the 
mass moment of inertia of the wire with respect to each of the 
coordinate axes. 


y 
18 in. 
—o Zo 
s, 

~ 

a 

18 in. 
x ie 


Fig. P9.147 


9.148 A homogeneous wire with a mass per unit length of 0.056 kg/m is 
used to form the figure shown. Determine the mass moment of 
Fig. P9.148 inertia of the wire with respect to each of the coordinate axes. 


*9.16 MOMENT OF INERTIA OF A BODY WITH 
RESPECT TO AN ARBITRARY AXIS THROUGH O. 
MASS PRODUCTS OF INERTIA 


In this section you will see how the moment of inertia of a body can 
be determined with respect to an arbitrary axis OL through the ori- 
gin (Fig. 9.29) if its moments of inertia with respect to the three 
coordinate axes, as well as certain other quantities to be defined 
below, have already been determined. 

The moment of inertia Io; of the body with respect to OL is 
equal to f p°dm, where p denotes the perpendicular distance from 
the element of mass dm to the axis OL. If we denote by A the unit 
vector along OL and by r the position vector of the element dm, we 
observe that the perpendicular distance p is equal to r sin 0, which 
is the magnitude of the vector product A X r. We therefore write 


Ion = | p” dm = | IA x rl’ dm (9.43) 


Expressing |A x ri? in terms of the rectangular components of the 
vector product, we have 


Tor =| [Ay Agee t (Az — Ag 2 + (Aw — Ayz)*]dm 


where the components A,, A,, A, of the unit vector A represent the 
direction cosines of the axis OL and the components x, y, z of r 
represent the coordinates of the element of mass dm. Expanding the 
squares and rearranging the terms, we write 


lor = | (y? + 27)dm + nal (227 + x7)dm + | (x7 + y)dm 


= 2A,A, | xy dm — 2,A, | yzdm — 2X,A, | zxdm_ (9.44) 


Referring to Eqs. (9.30), we note that the first three integrals 
in (9.44) represent, respectively, the moments of inertia I,, I,, and 
I, of the body with respect to the coordinate axes. The last three 
integrals in (9.44), which involve products of coordinates, are called 
the products of inertia of the body with respect to the x and y axes, 
the y and z axes, and the z and x axes, respectively. We write 


(9.45) 


Rewriting Eq. (9.44) in terms of the integrals defined in Eqs. (9.30) 
and (9.45), we have 


(9.46) 


We note that the definition of the products of inertia of a mass 
given in Eqs. (9.45) is an extension of the definition of the product 
of inertia of an area (Sec. 9.8). Mass products of inertia reduce to 
zero under the same conditions of symmetry as do products of inertia 
of areas, and the parallel-axis theorem for mass products of inertia 
is expressed by relations similar to the formula derived for the prod- 
uct of inertia of an area. Substituting the expressions for x, y, and z 
given in Eqs. (9.31) into Eqs. (9.45), we find that 


(9.47) 


where x, y,% are the coordinates of the center of gravity G of the 
body and yy, I, Iz denote the products of inertia of the body 
with respect to the centroidal axes x’, y’, 2’ (Fig. 9.22). 


*9.17 ELLIPSOID OF INERTIA. PRINCIPAL AXES 
OF INERTIA 


Let us assume that the moment of inertia of the body considered in the 
preceding section has been determined with respect to a large number 
of axes OL through the fixed point O and that a point Q has been plotted 
on each axis OL at a distance OO = 1/VIo, from O. The locus of the 
points Q thus obtained forms a surface (Fig. 9.30). The equation of that 
surface can be obtained by substituting 1(0Q) for Io, in (9.46) and 
then multiplying both sides of the equation by (OQ). Observing that 


(OQ)A, = x (OQ)A, = y (OQ)A, =z 
where x, y, = denote the rectangular coordinates of Q, we write 
ig + Ly + 1? = gay = 2hye — 2hge = 1 (0.48) 
The equation obtained is the equation of a quadric surface. Since 
the moment of inertia Io,, is different from zero for every axis OL, 


no point Q can be at an infinite distance from O. Thus, the quadric 
surface obtained is an ellipsoid. This ellipsoid, which defines the 


9.17 Ellipsoid of Inertia. Principal 
Axes of Inertia 
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moment of inertia of the body with respect to any axis through O, 
is known as the ellipsoid of inertia of the body at O. 

We observe that if the axes in Fig. 9.30 are rotated, the coeffi- 
cients of the equation defining the ellipsoid change, since they are 
equal to the moments and products of inertia of the body with 
respect to the rotated coordinate axes. However, the ellipsoid itself 
remains unaffected, since its shape depends only upon the distribu- 
tion of mass in the given body. Suppose that we choose as coordinate 
axes the principal axes x’, y’, 2’ of the ellipsoid of inertia (Fig. 9.31). 
The equation of the ellipsoid with respect to these coordinate axes 
is known to be of the form 


La’ Ty + 1a" = 1 (9.49) 


which does not contain any products of the coordinates. Comparing 
Eqs. (9.48) and (9.49), we observe that the products of inertia of the 
body with respect to the x’, y’, z’ axes must be zero. The x’, y’, 2' 
axes are known as the principal axes of inertia of the body at O, and 
the coefficients I,, Iy, I, are referred to as the principal moments 
of inertia of the body at O. Note that, given a body of arbitrary shape 
and a point O, it is always possible to find axes which are the prin- 
cipal axes of inertia of the body at O, that is, axes with respect to 
which the products of inertia of the body are zero. Indeed, whatever 
the shape of the body, the moments and products of inertia of the 
body with respect to x, y, and z axes through O will define an ellip- 
soid, and this ellipsoid will have principal axes which, by definition, 
are the principal axes of inertia of the body at O. 

If the principal axes of inertia x’, y’, z' are used as coordinate 
axes, the expression obtained in Eq. (9.46) for the moment of inertia 
of a body with respect to an arbitrary axis through O reduces to 


Tor, = [yAp + Lyd + Az (9.50) 


The determination of the principal axes of inertia of a body of 
arbitrary shape is somewhat involved and will be discussed in the 
next section. There are many cases, however, where these axes can 
be spotted immediately. Consider, for instance, the homogeneous 
cone of elliptical base shown in Fig. 9.32; this cone possesses two 
mutually perpendicular planes of symmetry OAA’ and OBB’. From 
the definition (9.45), we observe that if the xy’ and y’z’ planes are 
chosen to coincide with the two planes of symmetry, all of the prod- 
ucts of inertia are zero. The x’, y’, and 2’ axes thus selected are 
therefore the principal axes of inertia of the cone at O. In the case 
of the homogeneous regular tetrahedron OABC shown in Fig. 9.33, 
the line joining the corner O to the center D of the opposite face is 
a principal axis of inertia at O, and any line through O perpendicular 
to OD is also a principal axis of inertia at O. This property is appar- 
ent if we observe that rotating the tetrahedron through 120° about 
OD leaves its shape and mass distribution unchanged. It follows that 
the ellipsoid of inertia at O also remains unchanged under this rota- 
tion. The ellipsoid, therefore, is a body of revolution whose axis of 
revolution is OD, and the line OD, as well as any perpendicular line 
through O, must be a principal axis of the ellipsoid. 


*9.18 DETERMINATION OF THE PRINCIPAL AXES 
AND PRINCIPAL MOMENTS OF INERTIA 
OF A BODY OF ARBITRARY SHAPE 


The method of analysis described in this section should be used 
when the body under consideration has no obvious property of 
symmetry. 

Consider the ellipsoid of inertia of the body at a given point O 
(Fig. 9.34); let r be the radius vector of a point P on the surface of 
the ellipsoid and let n be the unit vector along the normal to that 
surface at P. We observe that the only points where r and n are col- 
linear are the points P;, P:, and P3, where the principal axes intersect 
the visible portion of the surface of the ellipsoid, and the correspond- 
ing points on the other side of the ellipsoid. 


Fig. 9.34 


We now recall from calculus that the direction of the normal 
to a surface of equation f(x, y, z) = 0 at a point P(x, y, z) is defined 
by the gradient Vf of the function f at that point. To obtain the points 
where the principal axes intersect the surface of the ellipsoid of iner- 
tia, we must therefore write that r and Vf are collinear, 


Vf = (2K)r (9.51) 
where K is a constant, r = xi + yj + 2k, and 
of. . Ff 


of 
Vi ait ek 
ox oy ox 


Recalling Eq. (9.48), we note that the function f(x, y, x) correspond- 
ing to the ellipsoid of inertia is 
(Ade =1e iy ele = Oley SOL ys = Phe 1 
Substituting for r and Vf into Eq. (9.51) and equating the coefficients 
of the unit vectors, we write 
Le — yy — Lye = 
ee rl Le = Ky (9.52) 


ys 
Lex — Tyy + Le Kz 
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Dividing each term by the distance r from O to P, we obtain similar 


equations involving the direction cosines ,, A,, and A-: 


TAy — Tyhy — Lys = Kay 
Tuydy + TyAy ~ Tyds = Kay 
LyAy — Iyhy + LA: = KA, 


(9.53) 


Transposing the right-hand members leads to the following homoge- 
neous linear equations: 


IyAy + (Ly — K)Ay — IyAz = 0 (9.54) 
Tah; — Iydy + (I, — K)A, = 0 


y 


For this system of equations to have a solution different from A, = 
Ay = A, = 0, its discriminant must be zero: 


I,-K -Iy  —Ly 
-I  I,—K -I,, | =0 (9.55) 
-I,  —Iy, I.-K 

Expanding this determinant and changing signs, we write 


2 


1. ik eh, fi he, 1 
=U = dle Ll Lg 2igldle) = 0 0.58) 


xy! ye 


This is a cubic equation in K, which yields three real, positive roots 
K,, Ks, and K3. 

To obtain the direction cosines of the principal axis correspond- 
ing to the root K, we substitute K, for K in Eqs. (9.54). Since these 
equations are now linearly dependent, only two of them may be used 
to determine A,, A,, and A,. An additional equation may be obtained, 
however, by recalling from Sec. 2.12 that the direction cosines must 
satisfy the relation 


M+ A, + AZ = 1 (9.57) 


Repeating this procedure with K, and Ks, we obtain the direction 
cosines of the other two principal axes. 

We will now show that the roots K,, Ky, and K3 of Eq. (9.56) 
are the principal moments of inertia of the given body. Let us sub- 
stitute for K in Eqs. (9.53) the root Kj, and for A,, Ay and A, the 
corresponding values (A,)j, (Ay), and (A.), of the direction cosines; 
the three equations will be satisfied. We now multiply by (A,);, (A,) b 
and (A.);, respectively, each term in the first, second, and third equa- 


tion and add the equations obtained in this way. We write 


— QWyelAy)i(Az)1 = DT el Ae)iAn)i = KA) + (Ay) a (Aji 


Recalling Eq. (9.46), we observe that the left-hand member of this 
equation represents the moment of inertia of the body with respect 
to the principal axis corresponding to Kj; it is thus the principal 
moment of inertia corresponding to that root. On the other hand, 
recalling Eq. (9.57), we note that the right-hand member reduces to 
K,. Thus K;, itself is the principal moment of inertia. We can show 
in the same fashion that Ky and K3 are the other two principal 
moments of inertia of the body. 


SAMPLE PROBLEM 9.14 


Consider a rectangular prism of mass m and sides a, b, c. Determine (a) the 
moments and products of inertia of the prism with respect to the coordinate 
axes shown, (b) its moment of inertia with respect to the diagonal OB. 


SOLUTION 


a. Moments and Products of Inertia with Respect to the Coordinate 
Axes. Moments of Inertia. Introducing the centroidal axes x’, y’, 2’, 
with respect to which the moments of inertia are given in Fig. 9.28, we 
apply the parallel-axis theorem: 


L, = Ty + my? + 2) = dm? + 2) + mb? + 10%) 


m 
lL, =im(b? +c?) < 
L=tm(a’ +b) << 


Similarly, lin = Lm(c? + a”) 


Products of Inertia. Because of symmetry, the products of inertia with 
respect to the centroidal axes x’, y’, x’ are zero, and these axes are principal 
axes of inertia. Using the parallel-axis theorem, we have 


Ty = Ley + mxy = 0+ mGa)gb) Ty = mab 


Similarly, Iy, = 4mbo I, = ymca 
b. Moment of Inertia with Respect to OB. We recall Eq. (9.46): 
Tgp Ag LA, Ag — 20 A A A 


where the direction cosines of OB are 


OH a 
A; = COS Oy OB (+b? +)" 
b 
Ay = 73 2 2) 12 Ae ae 3 pyle 
(a? + b® + c?) (a + bo +c’) 


* Substituting the values obtained for the moments and products of inertia 
and for the direction cosines into the equation for Iog, we have 


iL ; 3 
Eee pps [em(b? + c?)a® + km(c? + ab? + §m(a? + D*)c? 
Cc 


Tog = 


—kma*b* — $mb*c* — $mc’a’| 
mab? + bc? + ca? 
6 tht 
Alternative Solution. The moment of inertia Iog can be obtained directly 
from the principal moments of inertia L,, I,, Iz, since the line OB passes 
through the centroid O'. Since the x’, y’, z’ axes are principal axes of inertia, 
we use Eq. (9.50) to write 


Tog = Lane + LyAy > Thad 
1 UO i) @ Ay A 9, HE y 2 Di 1 LE a8 
= bast Pde ar Wer ae —— aE 5 
poner een Ge eg 8s ete & 
mab? + b'c? + ca" 


6 @t+bht+ce 
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SAMPLE PROBLEM 9.15 


If a = 3c and b = 2c for the rectangular prism of Sample Prob. 9.14, 
determine (a) the principal moments of inertia at the origin O, (b) the 
principal axes of inertia at O. 


SOLUTION 


a. Principal Moments of Inertia at the Origin O. Substituting a = 3c 
and b = 2c into the solution to Sample Prob. 9.14, we have 

1, = 3me” l= me 1, = me? 

log = 3me lhe = 5mc" 1, = 3me? 
Substituting the values of the moments and products of inertia into Eq. 
(9.56) and collecting terms yields 


3 _ 28 %ye-2 , (3479, 2 4 589, 3 6 
IP = (mee ab Gee NS = Sea” = © 


We then solve for the roots of this equation; from the discussion in Sec. 9.18, 
it follows that these roots are the principal moments of inertia of the body 
at the origin. 


K, = 0.568867mc? «Ky = 4.20885mc” ——- Kx. = 4.55562mc” 
K, = 0.569mc” Ky = 4.21me? Ky = 4.56mc? <q 


b. Principal Axes of Inertia at O. To determine the direction of a prin- 
cipal axis of inertia, we first substitute the corresponding value of K into 
two of the equations (9.54); the resulting equations together with Eq. (9.57) 
constitute a system of three equations from which the direction cosines of 
the corresponding principal axis can be determined. Thus, we have for the 
first principal moment of inertia K;: 


(2 — 0.568867)mc*(A,); — ¥mc* Dike = 3me*(A.)) = 0 
—3ic?(A,), + ( — 0.568867) me(Ay)1 — $mc*(A,); = 0 
(At + Ay)i + .)t = 1 
Solving yields 
(A,)1 = 0.836600 (A,), = 0.496001 (A,), = 0.232557 


The angles that the first principal axis of inertia forms with the coordinate 
axes are then 


(C= 0) 00 e766: < 


Using the same set of equations successively with Ky and K3, we find that 
the angles associated with the second and third principal moments of inertia 
at the origin are, respectively, 


(Oxo = 51.8 (6,)2 


146.6° (6.). = 98.0° 4 
and 


(G0 162.6 (G76 lo) lots < 


SOLVING PROBLEMS 
YN TOUR OWN 


ik this lesson we defined the mass products of inertia I, I,z, and I. of a body 
and showed you how to determine the moments of inertia of that body with 
respect to an arbitrary axis passing through the origin O. You also learned how to 
determine at the origin O the principal axes of inertia of a body and the corre- 
sponding principal moments of inertia. 


1. Determining the mass products of inertia of a composite body. The mass 
products of inertia of a composite body with respect to the coordinate axes can be 
expressed as the sums of the products of inertia of its component parts with respect 
to those axes. For each component part, we can use the parallel-axis theorem and 
write Eqs. (9.47) 
Ty =Tyy + MEY — Tye = Tyee + mY=Z — Tey = Tey + MEX 

where the primes denote the centroidal axes of each component part and where 
x, y, and z represent the coordinates of its center of gravity. Keep in mind that 
the mass products of inertia can be positive, negative, or zero, and be sure to take 
into account the signs of x, y, and 2. 

a. From the properties of symmetry of a component part, you can deduce 
that two or all three of its centroidal mass products of inertia are zero. For instance, 
you can verify that for a thin plate parallel to the xy plane; a wire lying in a plane 
parallel to the xy plane; a body with a plane of symmetry parallel to the xy plane; 
and a body with an axis of symmetry parallel to the z axis, the products of inertia 
Iyz and Ty. are zero. 

For rectangular, circular, or semicircular plates with axes of symmetry parallel 
to the coordinate axes; straight wires parallel to a coordinate axis; circular and 
semicircular wires with axes of symmetry parallel to the coordinate axes; and rect- 
angular prisms with axes of symmetry parallel to the coordinate axes, the products 
of inertia Ivy,Lyz, and 1.» are all zero. 

b. Mass produds of inertia which are different from zero can be computed 
from Eqs. (9.45). Although, in general, a triple integration is required to determine 
a mass product of inertia, a single integration can be used if the given body can 
be divided into a series of thin, parallel slabs. The computations are then similar 
to those discussed in the previous lesson for moments of inertia. 


(continued) 
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2. Computing the moment of inertia of a body with respect to an arbitrary 
axis OL. An expression for the moment of inertia Io;, was derived in Sec. 9.16 
and is given in Eq. (9.46). Before computing Jo,, you must first determine the 
mass moments and products of inertia of the body with respect to the given coor- 
dinate axes as well as the direction cosines of the unit vector A along OL. 


3. Calculating the principal moments of inertia of a body and determining 
its principal axes of inertia. You saw in Sec. 9.17 that it is always possible to 
find an orientation of the coordinate axes for which the mass products of inertia 
are zero. These axes are referred to as the principal axes of inertia and the corre- 
sponding moments of inertia are known as the principal moments of inertia of the 
body. In many cases, the principal axes of inertia of a body can be determined 
from its properties of symmetry. The procedure required to determine the prin- 
cipal moments and principal axes of inertia of a body with no obvious property of 
symmetry was discussed in Sec. 9.18 and was illustrated in Sample Prob. 9.15. It 
consists of the following steps. 

a. Expand the determinant in Eq. (9.55) and solve the resulting cubic 
equation. The solution can be obtained by trial and error or, preferably, with an 
advanced scientific calculator or with the appropriate computer software. The 
roots K,, Ky, and K; of this equation are the principal moments of inertia of the 
body. 

b. To determine the direction of the principal axis corresponding to Kj, 
substitute this value for K in two of the equations (9.54) and solve these equations 
together with Eq. (9.57) for the direction cosines of the principal axis correspond- 
ing to Kj. 

c. Repeat this procedure with K, and K3 to determine the directions of the 
other two principal axes. As a check of your computations, you may wish to verify 
that the scalar product of any two of the unit vectors along the three axes you have 
obtained is zero and, thus, that these axes are perpendicular to each other. 


PROBLEMS 


9.149 Determine the mass products of inertia I,,, I,, and I., of the steel 
fixture shown. (The density of steel is 7850 kg/m*.) 


y 


50 mm 


80 mm 
16mm 70 mi] : 


50 mm 


Fig. P9.149 


9.150 Determine the mass products of inertia I,,, I,, and I.. of the steel 
machine element shown. (The density of steel is 7850 kg/m®.) 


y 16mm 


Fig. P9.150 


9.151 and 9.152 Determine the mass products of inertia I,,, I,:, and 
I., of the cast aluminum machine component shown. (The specific 


weight of aluminum is 0.100 Ib/in.?) 


Fig. P9.151 Fig. P9.152 
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542 _ Distributed Forces: Moments of Inertia 9.153 through 9.156 A section of sheet steel 2 mm thick is cut and 
bent into the machine component shown. Knowing that the density 
of steel is 7850 kg/m’, determine the mass products of inertia I,,, 
I,., and I... of the component. 


400 mm 


2 


225 mm x 
300 mm 
z ee 
Fig. P9.153 Fig. P9.154 


350 mm 


Fig. P9.155 Fig. P9.156 


9.157 and 9.158 Brass wire with a weight per unit length w is used to 
form the figure shown. Determine the mass products of inertia I,,, 
I,., and I. of the wire figure. 


a 


Fig. P9.157 Fig. P9.158 


9.159 The figure shown is formed of 1.5-mm-diameter aluminum wire. Problems 
Knowing that the density of aluminum is 2800 kg/m’, determine 
the mass products of inertia I,,, I,, and I. of the wire figure. 


180 mm 


250 mm 


a 300 mm * 


. <—S y | 
Fig. P9.159 


9.160 Thin aluminum wire of uniform diameter is used to form the <( 
figure shown. Denoting by m’ the mass per unit length of the wire, 
determine the mass products of inertia I,,, I,;, and I_, of the wire 
figure. 


9.161 Complete the derivation of Eqs. (9.47), which express the parallel- z 
axis theorem for mass products of inertia. Fig. P9.160 


9.162 For the homogeneous tetrahedron of mass m shown, (a) determine 
by direct integration the mass product of inertia I.,, (b) deduce I, 
and [,, from the result obtained in part a. 


Fig. P9.162 


9.163 The homogeneous circular cylinder shown has a mass m. Deter- 
mine the mass moment of inertia of the cylinder with respect to 
the line joining the origin O and point A that is located on the 
perimeter of the top surface of the cylinder. Fig. P9.163 
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9.164 The homogeneous circular cone shown has a mass m. Determine 
the mass moment of inertia of the cone with respect to the line 
joining the origin O and point A. 


Fig. P9.164 


9.165 Shown is the machine element of Prob. 9.141. Determine its mass 
moment of inertia with respect to the line joining the origin O and 
point A. 


Fig. P9.165 


9.166 Determine the mass moment of inertia of the steel fixture of 
Probs. 9.145 and 9.149 with respect to the axis through the origin 
that forms equal angles with the x, y, and z axes. 


9.167 The thin bent plate shown is of uniform density and weight W. 


Determine its mass moment of inertia with respect to the line 
joining the origin O and point A. 


Fig. P9.167 


9.168 


9.169 


9.170 


9.173 


9.174 


9.175 


9.176 


A piece of sheet steel of thickness t and specific weight y is cut 
and bent into the machine component shown. Determine the mass 
moment of inertia of the component with respect to the line join- 
ing the origin O and point A. 


Determine the mass moment of inertia of the machine component 
of Probs. 9.136 and 9.155 with respect to the axis through the origin 
characterized by the unit vector A = (—4i + 8j + k)/9. 


through 9.172 For the wire figure of the problem indicated, 
determine the mass moment of inertia of the figure with respect 
to the axis through the origin characterized by the unit vector 
A = (-3i - 6j + 2)/7. 

9.170 Prob. 9.148 

9.171 Prob. 9.147 

9.172 Prob. 9.146 


For the rectangular prism shown, determine the values of the 
ratios b/a and c/a so that the ellipsoid of inertia of the prism is a 
sphere when computed (a) at point A, (b) at point B. 


NiIcrnict> 


Fig. P9.173 


For the right circular cone of Sample Prob. 9.11, determine the 
value of the ratio a/h for which the ellipsoid of inertia of the cone 
is a sphere when computed (a) at the apex of the cone, (b) at the 
center of the base of the cone. 


For the homogeneous circular cylinder shown, of radius a and 
length L, determine the value of the ratio a/L for which the ellip- 
soid of inertia of the cylinder is a sphere when computed (a) at the 
centroid of the cylinder, (b) at point A. 


Given an arbitrary body and three rectangular axes x, y, and z, 
prove that the mass moment of inertia of the body with respect to 
any one of the three axes cannot be larger than the sum of the 
mass moments of inertia of the body with respect to the other two 
axes. That is, prove that the inequality I, = I, + I, and the two 
similar inequalities are satisfied. Further, prove that Lea 51, if the 
body is a homogeneous solid of revolution, where x is the axis of 
revolution and y is a transverse axis. 


Fig. P9.168 


Fig. P9.175 


Problems 
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9.177 Consider a cube of mass m and side a. (a) Show that the ellipsoid 


9.178 


*9.179 


9.180 


of inertia at the center of the cube is a sphere, and use this prop- 
erty to determine the moment of inertia of the cube with respect 
to one of its diagonals. (b) Show that the ellipsoid of inertia at one 
of the corners of the cube is an ellipsoid of revolution, and deter- 
mine the principal moments of inertia of the cube at that point. 


Given a homogeneous body of mass m and of arbitrary shape and 
three rectangular axes x, y, and % with origin at O, prove that the 
sum I, + I, + I, of the mass moments of inertia of the body can- 
not be smaller than the similar sum computed for a sphere of the 
same mass and the same material centered at O. Further, using 
the result of Prob. 9.176, prove that if the body is a solid of revolu- 
tion, where x is the axis of revolution, its mass moment of inertia 
I, about a transverse axis y cannot be smaller than 3ma?/10, where 
a is the radius of the sphere of the same mass and the same 
material. 


The homogeneous circular cylinder shown has a mass m, and the 
diameter OB of its top surface forms 45° angles with the x and z 
axes. (a) Determine the principal mass moments of inertia of the 
cylinder at the origin O. (b) Compute the angles that the principal 
axes of inertia at O form with the coordinate axes. (c) Sketch the 
cylinder, and show the orientation of the principal axes of inertia 
relative to the x, y, and z axes. 


Fig. P9.179 


through 9.184 For the component described in the problem 
indicated, determine (a) the principal mass moments of inertia at 
the origin, (b) the principal axes of inertia at the origin. Sketch the 
body and show the orientation of the principal axes of inertia rela- 
tive to the x, y, and z axes. 

*9.180 Prob. 9.165 

*9.181  Probs. 9.145 and 9.149 

*9.182 Prob. 9.167 

*9.183 Prob. 9.168 

*9.184 Probs. 9.148 and 9.170 


REVIEW AND SUMMARY 


In the first half of this chapter, we discussed the determination of 
the resultant R of forces AF distributed over a plane area A when 
the magnitudes of these forces are proportional to both the areas AA 
of the elements on which they act and the distances y from these 
elements to a given x axis; we thus had AF = ky AA. We found 
that the magnitude of the resultant R is proportional to the first 
moment Q, = Jy dA of the area A, while the moment of R about 
the x axis is proportional to the second moment, or moment of inertia, 
L, = = fy’ dA of A with respect to the same axis [Sec. 9.2]. 


The rectangular moments of inertia I, and I, of an area [Sec. 9.3] 
were obtained by evaluating the integrals 


=| yaa 1,=| aa 


These computations can be reduced to single integrations by choos- 
ing dA to be a thin strip parallel to one of the coordinate axes. We 
also recall that it is possible to compute I, and I, from the same 
elemental strip (Fig. 9.35) using the forinile, for the moment of iner- 
tia of a rectangular area [Sample Prob. 9.3]. 


(9.1) 


dl, = = y3dx 


The polar moment of inertia of an area A with respect to the pole 
O [Sec. 9.4] was defined as 


Jo =| aa 


where r is the distance from, O to the element of area dA (Fig. 9.36). 
Observing that r° = x” + y’, we established the relation 


Jo=Hht+ I, 


(9.3) 


(9.4) 


Rectangular moments of inertia 


Fig. 9.36 


Polar moment of inertia 
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Radius of gyration 


Parallel-axis theorem 


d 


Fig. 9.37 


Composite areas 


Product of inertia 


The radius of gyration of an area A with respect to the x axis 
[Sec. 9.5] was defined as the distance k,, where I, = KA. With 
similar definitions for the radii of gyration of A with respect to the 
y axis and with respect to O, we had 


1; I Jo 
a ey ee =,/° 5-97 
yi hy Ae ko A ( ) 


The parallel-axis theorem was presented in Sec. 9.6. It states that the 
moment of inertia I of an area with respect to any given axis AA’ 
(Fig. 9.37) is equal to the moment of inertia I of the area with 
respect to the centroidal axis BB’ that is parallel to AA’ plus the 
product of the area A and the square of the distance d between the 
two axes: 


I=1+ Ad’ (9.9) 


This formula can also be used to determine the moment of inertia 
I of an area with respect to a centroidal axis BB’ when its moment 
of inertia I with respect to a parallel axis AA’ is known. In this case, 
however, the product Ad? should be subtracted from the agua 
moment of inertia I. 

A similar relation holds between the polar moment of inertia 
Jo of an area about a point O and the polar moment of inertia i c of 
the same area about its centroid C. Letting d be the distance between 
O and C, we have 


jo.= Ic + Ad? (9.11) 


The parallel-axis theorem can be used very effectively to compute 
the moment of inertia of a composite area with respect to a given 
axis [Sec. 9.7]. Considering each component area separately, we first 
compute the moment of inertia of each area with respect to its cen- 
troidal axis, using the data provided in Figs. 9.12 and 9.13 whenever 
possible. The parallel-axis theorem is then applied to determine the 
moment of inertia of each component area with respect to the desired 
axis, and the various values obtained are added [Sample Probs. 9.4 
and 9.5]. 


Sections 9.8 through 9.10 were devoted to the transformation of the 
moments of inertia of an area under a rotation of the coordinate axes. 
First, we defined the product of inertia of an area A as 


Le = | xy dA (9.12) 


and showed that I, = 0 if the area A is symmetrical with respect to 
either or both of the coordinate axes. We also derived the parallel- 
axis theorem for products of inertia. We had 


Ty = Ivy + YA (9.13) 


where I,: y is the product of inertia of the area with respect to the cen- 
troidal axes x’ and y’ which are parallel to the x and y axis and x and 
y are the coordinates of the centroid of the area [Sec. 9.8]. 


Fig. 9.38 


In Sec. 9.9 we determined the moments and product of inertia I, 
Iy, and I, of an area with respect to x’ and y’ axes obtained by 
rotating the original x and y coordinate axes through an angle 0 
counterclockwise (Fig, 9.38). We expressed I, I, and I in terms of 
the moments and product of inertia [,, I,, and I,, computed with 
respect to the original x and y axes. We had 


IL+l, I,-1 


I. = 3 — 4 3 ” cos 20 — I,,sin 20 (9.18) 
+1, IL-1, 
3 5 ~cos 26 + I,,sin 20 (9.19) 
I, _ L 
Lg = 5 — sin 20 + Ty COS 20 (9.20) 


4 


The principal axes of the area about O were defined as the two axes 
perpendicular to each other, with respect to which the moments of 
inertia of the area are maximum and minimum. The corresponding 
values of 6, denoted by 6,,, were obtained from the formula 

a 


T, ~ Ty 


tan 20,, = — (9.25) 


The corresponding maximum and minimum values of I are called 
the principal moments of inertia of the area about O; we had 


ae eet oe ; 
laiceorte ~~ 9 2 am Ly (9.27) 


We also noted that the corresponding value of the product of inertia 
is Zero. 


The transformation of the moments and product of inertia of an area 
under a rotation of axes can be represented graphically by drawing 
Mohr's circle [Sec. 9.10]. Given the moments and product of inertia [,, 
I,, and I, of the area with respect to the x and y coordinate axes, we 
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Rotation of axes 


Principal axes 


Principal moments of inertia 


Mohr’s circle 
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Fig. 9.39 


plot points X (I,, I,,) and Y (I,, — I,y) and draw the line joining 
these two points (Fig. 9.39). This line is a diameter of Mohr’s circle 
and thus defines this circle. As the coordinate axes are rotated 
through 0, the diameter rotates through twice that angle, and the 
coordinates of X’ and Y’ yield the new values I,, I,, and Ly, of the 
moments and product of inertia of the area. Also, the angle 6, and 
the coordinates of points A and B define the principal axes a and b 
and the principal moments of inertia of the area [Sample Prob. 9.8]. 


Moments of inertia of masses The second half of the chapter was devoted to the determination of 
moments of inertia of masses, which are encountered in dynamics 
in problems involving the rotation of a rigid body about an axis. 
The mass moment of inertia of a body with respect to an axis AA’ 
(Fig. 9.40) was defined as 


i= | r°dm (9.28) 


where r is the distance from AA’ to the element of mass [Sec. 9.11]. 
The radius of gyration of the body was defined as 


a ee (9.29) 


m 


The moments of inertia of a body with respect to the coordinates 
axes were expressed as 


L, = | (22 + x”) dm (9.30) 


We saw that the parallel-axis theorem also applies to mass 
moments of inertia [Sec. 9.12]. Thus, the moment of inertia I of a body 
with respect to an arbitrary axis AA’ (Fig. 9.41) can be expressed as 


I=I1+md (9.33) 


where I is the moment of inertia of the body with respect to the 
centroidal axis BB’ which is parallel to the axis AA’, m is the mass 
of the body, and d is the distance between the two axes. 


> 


Fig. 9.41 


The moments of inertia of thin plates can be readily obtained from 
the moments of inertia of their areas [Sec. 9.13]. We found that for 
a rectangular plate the moments of inertia with respect to the axes 
shown (Fig. 9.42) are 


ly = yma? Igy = mb? (9.39) 
Tec = Tar TF Ip: = Ema + b?) (9.40) 
while for a circular plate (Fig. 9.43) they are 
Taya = I pp = imr* (9.41) 
Tec = Tar + Tgp = tmr* (9.42) 


When a body possesses two planes of symmetry, it is usually possible 
to use a single integration to determine its moment of inertia with 
respect to a given axis by selecting the element of mass dm to be a 
thin plate [Sample Probs. 9.10 and 9.11]. On the other hand, when 
a body consists of several common geometric shapes, its moment of 
inertia with respect to a given axis can be obtained by using the for- 
mulas given in Fig. 9.28 together with the parallel-axis theorem 
[Sample Probs. 9.12 and 9.13]. 


In the last portion of the chapter, we learned to determine the 
moment of inertia of a body with respect to an arbitrary axis OL 


which is drawn through the origin O [Sec. 9.16]. Denoting by Ax, A,, 
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Parallel-axis theorem 


Moments of inertia of thin plates 


Composite bodies 


Moment of inertia with respect 
to an arbitrary axis 
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Fig. 9.44 


Ellipsoid of inertia 


Principal axes of inertia 
Principal moments of inertia 


A, the components of the unit vector A along OL (Fig. 9.44) and 
introducing the products of inertia 


Ly = | xy dm ln | yz dm La = | zxdm (9.45) 


we found that the moment of inertia of the body with respect to OL 
could be expressed as 


Tor, = Lat + LAy + LAZ — QDpyAdy — WyAyA; — WedA_ (9.46) 


fey 


Fig. 9.45 


By plotting a point Q along each axis OL at a distance O0 = 1VIo, 
from O [Sec. 9.17], we obtained the surface of an ellipsoid, known 
as the ellipsoid of inertia of the body at point O. The principal axes 
x’, y', 2" of this ellipsoid (Fig. 9.45) are the principal axes of inertia 
of the body; that is, the products of inertia Iyy, Iyz, I: of the body 
with respect to these axes are all zero. There are many situations 
when the principal axes of inertia of a body can be deduced from 
properties of symmetry of the body. Choosing these axes to be the 
coordinate axes, we can then express Io, as 


To, = TeX + Ly Ay + [edz (9.50) 
where I,, I,, I, are the principal moments of inertia of the body at O. 


When the principal axes of inertia cannot be obtained by obser- 
vation [Sec. 9.17], it is necessary to solve the cubic equation 
ate de ik ed, PL ei, = oy a 
=(LL = Le Lila = Li = Blagg) = 0 O56) 
We found [Sec. 9.18] that the roots Kj, Ky, and Ky of this equation 
are the principal moments of inertia of the given body. The direction 
cosines (A,);, (Ay), and (A,); of the principal axis corresponding to 
the principal moment of inertia K, are then determined by substitut- 
ing K, into Eqs. (9.54) and solving two of these equations and 
Eq. (9.57) simultaneously. The same procedure is then repeated 
using K, and K; to determine the direction cosines of the other two 
principal axes [Sample Prob. 9.15]. 


9.185 


9.186 


9.187 


9.188 


9.189 


9.190 


REVIEW PROBLEMS 


Determine by direct integration the moments of inertia of the 
shaded area with respect to the x and y axes. 


Determine the moments of inertia and the radii of gyration of the 
shaded area shown with respect to the x and y axes. 


Yy 


=H (8) 


a 


-~< a _| - x 
Fig. P9.186 


Determine the moment of inertia and the radius of gyration of the 
shaded area shown with respect to the y axis. 


Determine the moments of inertia of the shaded area shown with 
respect to the x and y axes. 


Determine the polar moment of inertia of the area shown with 
respect to (a) point O, (b) the centroid of the area. 


To form an unsymmetrical girder, two L76 X 76 X 6.4-mm angles 
and two L152 x 102 X 12.7-mm angles are welded to a 16-mm steel 
plate as shown. Determine the moments of inertia of the combined 
section with respect to its centroidal x and y axes. 


y 
L76 x 76 x 6.4 
rae 
—— 
540 mm 
C x 
1 
16mm L152 x 102 x 12.7 


Fig. P9.190 


y 


Fig. P9.188 


54mm ar 54mm "| 


Fig. P9.189 
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> I<— ().746 in. 9.192 
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oo 
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oo 9.193 
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Fig. P9.191 and P9.192 


9.194 


0.76 m 


ae 9.195 


Fig. P9.195 


9.196 


Using the parallel-axis theorem, determine the product of inertia 
of the L5 X 3 X 5-in. angle cross section shown with respect to 
the centroidal x and y axes. 


For the L5 X 3 X 3-in. angle cross section shown, use Mohr’s circle 
to determine (a) the moments of inertia and the product of inertia 
with respect to new centroidal axes obtained by rotating the x and 
y axes 30° clockwise, (b) the orientation of the principal axes 
through the centroid and the corresponding values of the moments 
of inertia. 


A piece of thin, uniform sheet metal is cut to form the machine 
component shown. Denoting the mass of the component by m, 
determine its mass moment of inertia with respect to (a) the x axis, 


(b) the y axis. 


Fig. P9.193 and P9.194 


A piece of thin, uniform sheet metal is cut to form the machine 
component shown. Denoting the mass of the component by m, 
determine its mass moment of inertia with respect to (a) the axis 
AA’, (b) the axis BB’, where the AA’ and BB’ axes are parallel to 
the x axis and lie in a plane parallel to and at a distance a above 
the xz plane. 


A 2-mm thick piece of sheet steel is cut and bent into the machine 
component shown. Knowing that the density of steel is 7850 kg/m’, 
determine the mass moment of inertia of the component with 
respect to each of the coordinate axes. 


Determine the mass moments of inertia and the radii of gyration 
of the steel machine element shown with respect to the x and y axes. 


(The density of steel is 7850 kg/m?.) 


Dimensions in mm 


Fig. P9.196 


COMPUTER PROBLEMS 


9.€1 Write a computer program that, for an area with known moments and 
product of inertia [,, Lis and Ly, Cam be used to calculate the moments 
and product of inertia 1,’, Ly and Ivy of the area with respect to axes x’ and 
y’ obtained by rotating the original axes counterclockwise through an angle 
6. Use this program to compute Ly, Ty, and Ivy! for the section of Sample 


Prob. 9.7 for values of @ from 0 to 90° using 5° increments. 


9.€2 Write a computer program that, for an area with known moments 
and product of inertia ,, La and Tags CaM be used to calculate the orientation 
of the principal axes of the area and the corresponding values of the princi- 
pal moments of inertia. Use this program to solve (a) Prob. 9.89, (b) Sample 


Prob. 9.7. 


9.€3 Many cross sections can be approximated by a series of rectangles as 
shown. Write a computer program that can be used to calculate the moments 
of inertia and the radii of gyration of cross sections of this type with respect 
to horizontal and vertical centroidal axes. Apply this program to the cross 
sections shown in (a) Figs. P9.31 and P9.33, (b) Figs. P9.32 and P9.34, 
(c) Fig. P9.43, (d) Fig. P9.44. 


9.C4 Many cross sections can be approximated by a series of rectangles as 
shown. Write a computer program that can be used to calculate the products 
of inertia of cross sections of this type with respect to horizontal and vertical 
centroidal axes. Use this program to solve (a) Prob. P9.71, (b) Prob. P9.75, 
(c) Prob. 9.77. 


9.C5 The area shown is revolved about the x axis to form a homogeneous 
solid of mass m. Approximate the area using a series of 400 rectangles of 
the form bec'b’, each of width Al, and then write a computer program that 
can be used to determine the mass moment of inertia of the solid with 
respect to the x axis. Use this program to solve part a of (a) Sample Prob. 9.11, 
(b) Prob. 9.121, assuming that in these problems m = 2 kg, a = 100 mm, 
and h = 400 mm. 


9.C6 A homogeneous wire with a weight per unit length of 0.04 lb/ft is used 
to form the figure shown. Approximate the figure using 10 straight line seg- 
ments, and then write a computer program that can be used to determine 
the mass moment of inertia I, of the wire with respect to the x axis. Use this 
program to determine I, when (a) a = lin, L = lin, h = 4 in, (b) a = 
9 in., L = 17 in., h = 10 in, (c)a = 5 m., L = 25in., h = 6 in. 


*9.C7 Write a computer program that, for a body with known mass 
moments and products of inertia I,, | ag ee ewe Oe and I.,, can be used to 
calculate the principal mass moments of inertia K,, Ks, and K; of the 
body at the origin. Use this program to solve part a of (a) Prob. 9.180, 


(b) Prob. 9.181, (c) Prob. 9.184. 


*9.C8 Extend the computer program of Prob. 9.C7 to include the compu- 
tation of the angles that the principal axes of inertia at the origin form with 
the coordinate axes. Use this program to solve (a) Prob. 9.180, (b) Prob. 
9.181, (c) Prob. 9.184. 
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The method of virtual work is particularly 
effective when a simple relation can be 
found among the displacements of the 
points of application of the various forces 
involved. This is the case for the scissor 
lift platform being used by workers to 
gain access to a highway bridge under 


construction. 
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Chapter 10 Method of 
Virtual Work 


Introduction 

Work of a Force 

Principle of Virtual Work 
Applications of the Principle of 
Virtual Work 

Real Machines. Mechanical 
Efficiency 

Work of a Force during a Finite 
Displacement 

Potential Energy 

Potential Energy and Equilibrium 
Stability of Equilibrium 


Fig. 10.1 


*10.1 INTRODUCTION 


In the preceding chapters, problems involving the equilibrium of 
rigid bodies were solved by expressing that the external forces acting 
on the bodies were balanced. The equations of equilibrium =F, = 0, 
=F, = 0, 2M, = 0 were written and solved for the desired unknowns. 
A different method, which will prove more effective for solving cer- 
tain types of equilibrium problems, will now be considered. This 
method is based on the principle of virtual work and was first 
formally used by the Swiss mathematician Jean Bernoulli in the 
eighteenth century. 

As you will see in Sec. 10.3, the principle of virtual work states 
that if a particle or rigid body, or, more generally, a system of con- 
nected rigid bodies, which is in equilibrium under various external 
forces, is given an arbitrary displacement from that position of equi- 
librium, the total work done by the external forces during the dis- 
placement is zero. This principle is particularly effective when applied 
to the solution of problems involving the equilibrium of machines or 
mechanisms consisting of several connected members. 

In the second part of the chapter, the method of virtual work 
will be applied in an alternative form based on the concept of poten- 
tial energy. It will be shown in Sec. 10.8 that if a particle, rigid body, 
or system of rigid bodies is in equilibrium, then the derivative of its 
potential energy with respect to a variable defining its position must 
be zero. 

In this chapter, you will also learn to evaluate the mechanical 
efficiency of a machine (Sec. 10.5) and to determine whether a given 
position of equilibrium is stable, unstable, or neutral (Sec. 10.9). 


*10.2 WORK OF A FORCE 


Let us first define the terms displacement and work as they are used 
in mechanics. Consider a particle which moves from a point A to a 
neighboring point A’ (Fig. 10.1). If r denotes the position vector 
corresponding to point A, the small vector joining A and A’ may be 
denoted by the differential dr; the vector dr is called the displace- 
ment of the particle. Now let us assume that a force F is acting on 
the particle. The work of the force F corresponding to the displace- 
ment dr is defined as the quantity 


(10.1) 


obtained by forming the scalar product of the force F and the dis- 
placement dr. Denoting respectively by F and ds the magnitudes of 
the force and of the displacement, and by a the angle formed by F 
and dr, and recalling the definition of the scalar product of two vec- 


tors (Sec. 3.9), we write 
dU = F ds cosa (10.1’) 


Being a scalar quantity, work has a magnitude and a sign, but no 
direction. We also note that work should be expressed in units obtained 


by multiplying units of length by units of force. Thus, if U.S. custom- 
ary units are used, work should be expressed in ft - lb or in - lb. If 
SI units are used, work should be expressed in N - m. The unit of 
work N - m is called a joule (J).t 

It follows from (10.1') that the work dU is positive if the angle 
a is acute and negative if a is obtuse. Three particular cases are of 
special interest. If the force F has the same direction as dr, the work 
dU reduces to F ds. If F has a direction opposite to that of dr, the 
work is dU = —F ds. Finally, if F is perpendicular to dr, the work 
dU is zero. 

The work dU of a force F during a displacement dr can also 
be considered as the product of F and the component ds cos a of 
the displacement dr along F (Fig. 10.2a). This view is particularly 


(a) (b) 
Fig. 10.2 


useful in the computation of the work done by the weight W of a 
body (Fig. 10.2b). The work of W is equal to the product of W and 
the vertical displacement dy of the center of gravity G of the body. 
If the displacement is downward, the work is positive; if it is upward, 
the work is negative. 

A number of forces frequently encountered in statics do no 
work: forces applied to fixed points (ds = 0) or acting in a direction 
perpendicular to the displacement (cos a = 0). Among these forces 
are the reaction at a frictionless pin when the body supported 
rotates about the pin; the reaction at a frictionless surface when 
the body in contact moves along the surface; the reaction at a roller 
moving along its track; the weight of a body when its center of 
gravity moves horizontally; and the friction force acting on a wheel 
rolling without slipping (since at any instant the point of contact 
does not move). Examples of forces which do work are the weight 
of a body (except in the case considered above), the friction force 
acting on a body sliding on a rough surface, and most forces applied 
on a moving body. 


+The joule is the SI unit of energy, whether in mechanical form (work, potential 
energy, kinetic energy) or in chemical, electrical, or thermal form. We should note that 
even though N - m = J, the moment of a force must be expressed in N - m, and not in 
joules, since the moment of a force is not a form of energy. 
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Photo 10.1 The forces exerted by the 
hydraulic cylinders to position the bucket lift 
shown can be effectively determined using the 
method of virtual work since a simple relation 
exists among the displacements of the points of 
application of the forces acting on the members 


of the lift. 


560 = Method of Virtual Work In certain cases, the sum of the work done by several forces is 
zero. Consider, for example, two rigid bodies AC and BC connected 
at C by a frictionless pin (Fig. 10.3a). Among the forces acting on 
AC is the force F exerted at C by BC. In general, the work of this 


force will not be zero, but it will be equal in magnitude and opposite 
in sign to the work of the force —F exerted by AC on BC, since 
these forces are equal and opposite and are applied to the same 
particle. Thus, when the total work done by all the forces acting on 
AB and BC is considered, the work of the two internal forces at C 
cancels out. A similar result is obtained if we consider a system 
consisting of two blocks connected by an inextensible cord AB 
(Fig. 10.3b). The work of the tension force T at A is equal in magni- 
tude to the work of the tension force T’ at B, since these forces have 
the same magnitude and the points A and B move through the same 
distance; but in one case the work is positive, and in the other it is 
negative. Thus, the work of the internal forces again cancels out. 

It can be shown that the total work of the internal forces hold- 
ing together the particles of a rigid body is zero. Consider two par- 
ticles A and B of a rigid body and the two equal and opposite forces 
F and —F they exert on each other (Fig. 10.4). While, in general, 


Fig. 10.4 


small displacements dr and dr’ of the two particles are different, the 
components of these displacements along AB must be equal; other- 
wise, the particles would not remain at the same distance from each 
other, and the body would not be rigid. Therefore, the work of F is 
equal in magnitude and opposite in sign to the work of —F, and their 
sum is zero. 

In computing the work of the external forces acting on a rigid 
body, it is often convenient to determine the work of a couple with- 
out considering separately the work of each of the two forces forming 
the couple. Consider the two forces F and —F forming a couple of 


moment M and acting on a rigid body (Fig. 10.5). Any small displace- 
ment of the rigid body bringing A and B, respectively, into A’ and B” 
can be divided into two parts, one in which points A and B undergo 
equal displacements dr), the other in which A’ remains fixed while 
B' moves into B" through a displacement dr2 of magnitude ds, = r dé. 
In the first part of the motion, the work of F is equal in magnitude 
and opposite in sign to the work of —F, and their sum is zero. In 
the second part of the motion, only force F works, and its work is 
dU = F ds, = Fr dé. But the product Fr is equal to the magnitude 
M of the moment of the couple. Thus, the work of a couple of 
moment M acting on a rigid body is 


(10.2) 


where dé is the small angle expressed in radians through which the 
body rotates. We again note that work should be expressed in units 


obtained by multiplying units of force by units of length. 


*10.3 PRINCIPLE OF VIRTUAL WORK 


Consider a particle acted upon by several forces F), Fz, ..., F, 
(Fig. 10.6). We can imagine that the particle undergoes a small dis- 
placement from A to A’. This displacement is possible, but it will not 
necessarily take place. The forces may be balanced and the particle 
at rest, or the particle may move under the action of the given forces 
in a direction different from that of AA’. Since the displacement 
considered does not actually occur, it is called a virtual displacement 
and is denoted by dr. The symbol 6r represents a differential of the 
first order; it is used to distinguish the virtual displacement from the 
displacement dr which would take place under actual motion. As you 
will see, virtual displacements can be used to determine whether the 
conditions of equilibrium of a particle are satisfied. 

The work of each of the forces Fj, Fy, ..., F,, during the virtual 
displacement 6r is called virtual work. The virtual work of all the 
forces acting on the particle of Fig. 10.6 is 


6U =F: 6r+ F,:6r+:::+F,: 6r 
=(F, + F,+-+:-+F,): 6r 


or 


6U =R- or (10.3) 


where R is the resultant of the given forces. Thus, the total virtual 
work of the forces F,, Fs, . . . , F, is equal to the virtual work of 
their resultant R. 

The principle of virtual work for a particle states that if a parti- 
cle is in equilibrium, the total virtual work of the forces acting on the 
particle is zero for any virtual displacement of the particle. This con- 
dition is necessary: if the particle is in equilibrium, the resultant R of 
the forces is zero, and it follows from (10.3) that the total virtual work 
6U is zero. The condition is also sufficient: if the total virtual work 
dU is zero for any virtual displacement, the scalar product R - 6r is 
zero for any 6r, and the resultant R must be zero. 


Fig. 10.6 
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Fig. 10.7 


In the case of a rigid body, the principle of virtual work states 
that if a rigid body is in equilibrium, the total virtual work of the 
external forces acting on the rigid body is zero for any virtual displace- 
ment of the body. The condition is necessary: if the body is in equi- 
librium, all the particles forming the body are in equilibrium and the 
total virtual work of the forces acting on all the particles must be zero; 
but we have seen in the preceding section that the total work of the 
internal forces is zero; the total work of the external forces must there- 
fore also be zero. The condition can also be proved to be sufficient. 

The principle of virtual work can be extended to the case of a 
system of connected rigid bodies. If the system remains connected 
during the virtual displacement, only the work of the forces external 
to the system need be considered, since the total work of the internal 
forces at the various connections is zero. 


*10.4 APPLICATIONS OF THE PRINCIPLE 
OF VIRTUAL WORK 


The principle of virtual work is particularly effective when applied 
to the solution of problems involving machines or mechanisms con- 
sisting of several connected rigid bodies. Consider, for instance, the 
toggle vise ACB of Fig. 10.7a, used to compress a wooden block. We 


wish to determine the force exerted by the vise on the block when 
a given force P is applied at C, assuming that there is no friction. 
Denoting by Q the reaction of the block on the vise, we draw the 
free-body diagram of the vise and consider the virtual displacement 
obtained by giving a positive increment 66 to the angle 6 (Fig. 10.7)). 
Choosing a system of coordinate axes with origin at A, we note that 
xg increases while yc decreases. This is indicated in the figure, where 
a positive increment dxz and a negative increment —dyc¢ are shown. 
The reactions A,, A,, and N will do no work during the virtual dis- 
placement considered, and we need only compute the work of P and 
Q. Since Q and dxg have opposite senses, the virtual work of Q is 
5U, = —Q xz. Since P and the increment shown (—éyc) have the 
same sense, the virtual work of P is 65Up = +P(—6édyc) = —P dyc. 
The minus signs obtained could have been predicted by simply not- 
ing that the forces Q and P are directed opposite to the positive 


x and y axes, respectively. Expressing the coordinates xg and ye in 
terms of the angle 6 and differentiating, we obtain 


xp = 2 sin 6 yc =| cos 0 


dxg = 21 cos 0 60 dyc = —l sin 0 60 (10.4) 
The total virtual work of the forces Q and P is thus 
6U = dUo am 6Up = —-Q onan —P 8yc 
= —2Q01 cos 6 66 + Pl sin 6 66 
Making 6U = 0, we obtain 
201 cos @ 60 = Pl sin 0 60 (10.5) 
QO = >P tan 0 (10.6) 


The superiority of the method of virtual work over the conven- 
tional equilibrium equations in the problem considered here is clear: 
by using the method of virtual work, we were able to eliminate all 
unknown reactions, while the equation 2M, = 0 would have elimi- 
nated only two of the unknown reactions. This property of the 
method of virtual work can be used in solving many problems involv- 
ing machines and mechanisms. If the virtual displacement considered 
is consistent with the constraints imposed by the supports and con- 
nections, all reactions and internal forces are eliminated and only the 
work of the loads, applied forces, and friction forces need be 
considered. 

The method of virtual work can also be used to solve problems 
involving completely constrained structures, although the virtual dis- 
placements considered will never actually take place. Consider, for 
example, the frame ACB shown in Fig. 10.8a. If point A is kept fixed, 
while B is given a horizontal virtual displacement (Fig. 10.8b), we 
need consider only the work of P and B,. We can thus determine 
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Photo 10.2 The clamping force of the toggle 
clamp shown can be expressed as a function 
of the force applied to the handle by first 
establishing the geometric relations among the 
members of the clamp and then applying the 
method of virtual work. 


Fig. 10.8 
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the reaction component B, in the same way as the force Q of the 
preceding example (Fig. 10.7b); we have 


B, = —3P tan 0 


Keeping B fixed and giving to A a horizontal virtual displacement, 
we can similarly determine the reaction component A,. The compo- 
nents A, and B, can be determined by rotating the frame ACB as a 
rigid body about B and A, respectively. 

The method of virtual work can also be used to determine the 
configuration of a system in equilibrium under given forces. For 
example, the value of the angle @ for which the linkage of Fig. 10.7 
is in equilibrium under two given forces P and Q can be obtained by 
solving Eq. (10.6) for tan @. 

It should be noted, however, that the attractiveness of the 
method of virtual work depends to a large extent upon the existence 
of simple geometric relations between the various virtual displace- 
ments involved in the solution of a given problem. When no such 
simple relations exist, it is usually advisable to revert to the conven- 
tional method of Chap. 6. 


*10.5 REAL MACHINES. MECHANICAL EFFICIENCY 


In analyzing the toggle vise in the preceding section, we assumed that 
no friction forces were involved. Thus, the virtual work consisted only 
of the work of the applied force P and of the reaction Q. But the work 
of the reaction Q is equal in magnitude and opposite in sign to the 
work of the force exerted by the vise on the block. Equation (10.5), 
therefore, expresses that the output work 2Q1 cos 6 50 is equal to the 
input work Pl sin 6 60. A machine in which input and output work 
are equal is said to be an “ideal” machine. In a “real” machine, friction 
forces will always do some work, and the output work will be smaller 
than the input work. 

Consider, for example, the toggle vise of Fig. 10.7a, and assume 
now that a friction force F develops between the sliding block B and 
the horizontal plane (Fig. 10.9). Using the conventional methods of 
statics and summing moments about A, we find N = P/2. Denoting 
by mw the coefficient of friction between block B and the horizontal 


plane, we have F = uN = puP/2. Recalling formulas (10.4), we find 
that the total virtual work of the forces Q, P, and F during the virtual 
displacement shown in Fig. 10.9 is 


6U = =O Ox _ P dyc _ F dxz 
= —20QlI cos 6 66 + Pl sin 6 60 — pPl cos 6 60 


Making 6U = 0, we obtain 
201 cos 0 60 = Pl sin 6 60 — Pl cos 6 50 (10.7) 


which expresses that the output work is equal to the input work 
minus the work of the friction force. Solving for Q, we have 


Q = 3P(tan 6 — p) (10.8) 


We note that Q = 0 when tan 6 = y, that is, when @ is equal to the 

angle of friction @, and that OQ < 0 when 6 < @. The toggle vise may 

thus be used only for values of 6 larger than the angle of friction. 
The mechanical efficiency of a machine is defined as the ratio 


output work 


a input work co 


Clearly, the mechanical efficiency of an ideal machine is 7 = 1, since 
input and output work are then equal, while the mechanical effi- 
ciency of a real machine will always be less than 1. 

In the case of the toggle vise we have just analyzed, we write 


output work — 201 cos 6 66 


input work Pl sin 6 0 
Substituting from (10.8) for Q, we obtain 


_ P(tan@ — w)l cos 660 | 
_ Pl sin 6 50 ~ 


1 — pcot 6 (10.10) 


We check that in the absence of friction forces, we would have u = 0 
and 7 = 1. In the general case, when w is different from zero, the 
efficiency 1 becomes zero for w cot 6 = 1, that is, for tan 0 = p, or 
6 = tan ' w = ¢. We note again that the toggle vise can be used 
only for values of @ larger than the angle of friction @. 
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SAMPLE PROBLEM 10.1 


Using the method of virtual work, determine the magnitude of the couple 
M required to maintain the equilibrium of the mechanism shown. 


SOLUTION 


Choosing a coordinate system with origin at E, we write 
Xp = 31 cos 6 6xp = —3l sin 6 66 


Principle of Virtual Work. Since the reactions A, E,, and E, will do no 
work during the virtual displacement, the total virtual work done by M and 
P must be zero. Noting that P acts in the positive x direction and M acts 
in the positive @ direction, we write 


6U = 0; M 60 + P 6xp = 0 
M 60 + P(—3l sin 6 60) = 0 


M=3Plsino <4 


SAMPLE PROBLEM 10.2 


Determine the expressions for @ and for the tension in the spring which 
correspond to the equilibrium position of the mechanism. The unstretched 
length of the spring is h, and the constant of the spring is k. Neglect the 
weight of the mechanism. 


SOLUTION 


With the coordinate system shown 


yg = 1 sin 0 yc = 2l sin 0 
dyz = 1 cos 0 60 dyc = 21 cos 6 60 


The elongation of the spring is s=yco—h=2lsino—h 
The magnitude of the force exerted at C by the spring is 
EB = ks = k(21 sin 0! = h) (1) 


Principle of Virtual Work. Since the reactions A,, A,, and C do no work, 
the total virtual work done by P and F must be zero. 


SU=0: — P byy — F dyc = 0 
P(l cos 6 60) — k(21 sin 6 — h)(21 cos 6 66) = 0 
sin 8 = ay 
Akl 
Substituting this expression into (1), we obtain F=7pP < 


SAMPLE PROBLEM 10.3 


A hydraulic-lift table is used to raise a 1000-kg crate. It consists 
of a platform and of two identical linkages on which hydraulic 
cylinders exert equal forces. (Only one linkage and one cylinder 
are shown.) Members EDB and CG are each of length 2a, and 
member AD is pinned to the midpoint of EDB. If the crate is 
placed on the table, so that half of its weight is supported by the 
system shown, determine the force exerted by each cylinder in 
raising the crate for 6 = 60°, a = 0.70 m, and L = 3.20 m. This 
mechanism has been previously considered in Sample Prob. 6.7. 


SOLUTION 


5W The machine considered consists of the platform and of the 
linkage, with an input force Fp, exerted by the cylinder and an 
output force equal and opposite to W. 


Principle of Virtual Work. We first observe that the reactions 
at E and G do no work. Denoting by y the elevation of the 
platform above the base, and by s the length DH of the cylinder- 


and-piston assembly, we write 
E 0/G 5U = 0: —3W dy + Foy ds = 0 (1) 
The vertical displacement dy of the platform is expressed in 
terms of the angular displacement 60 of EDB as follows: 
y = (EB) sin 6 = 2a sin 0 
dy = 2a cos 6 66 


To express 6s similarly in terms of 660, we first note that by the 
law of cosines, 


Ey 


s =a +L? — 2aL cos 6 
Differentiating, 


25 6s = —2aL(—sin 6) 66 


ce aL SoU 
s 


Substituting for dy and ds into (1), we write 


L sin 0 
("Wed cos 000 Ene me 56 = 0 


Fou = i cot 6 


With the given numerical data, we have 


p 
an W = mg = (1000 kg)(9.81 m/s?) = 9810 N = 9.81 kN 


a . s° =a’ + L? — 2aL cos 0 
Lo 0 / = (0.70)? + (3.20)? — 2(0.70)(3.20) cos 60° = 8.49 
: \ H s=2.91m 


2.91 m 
3.20 m 
Fon = db kN 


[ L | Fou = Ve cot @ = (9.81 kN) cot 60° 
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SOLVING PROBLEMS 
YN TOUR OWN 


ik this lesson you learned to use the method of virtual work, which is a different 
way of solving problems involving the equilibrium of rigid bodies. 


The work done by a force during a displacement of its point of application or by 
a couple during a rotation is found by using Eqs. (10.1) and (10.2), respectively: 


dU = F ds cosa (10.1) 
dU = M dé (10.2) 


Principle of virtual work. In its more general and more useful form, this principle 
can be stated as follows: If a system of connected rigid bodies is in equilibrium, 
the total virtual work of the external forces applied to the system is zero for any 
virtual displacement of the system. 


As you apply the principle of virtual work, keep in mind the following: 


1. Virtual displacement. A machine or mechanism in equilibrium has no ten- 
dency to move. However, we can cause, or imagine, a small displacement. Since 
it does not actually occur, such a displacement is called a virtual displacement. 


2. Virtual work. The work done by a force or couple during a virtual displace- 
ment is called virtual work. 


3. You need consider only the forces which do work during the virtual 
displacement. 


A. Forces which do no work during a virtual displacement that is consistent with 
the constraints imposed on the system are: 


a. Reactions at supports 
b. Internal forces at connections 
c. Forces exerted by inextensible cords and cables 
None of these forces need be considered when you use the method of virtual work. 


5. Be sure to express the various virtual displacements involved in your com- 
putations in terms of a single virtual displacement. This is done in each of the 
three preceding sample problems, where the virtual displacements are all expressed 
in terms of 66. 


6. Remember that the method of virtual work is effective only in those cases 
where the geometry of the system makes it relatively easy to relate the displace- 
ments involved. 


PROBLEMS 


10.1 Determine the vertical force P that must be applied at C to main- 
tain the equilibrium of the linkage. 


C 
10.2 Determine the horizontal force P that must be applied at A to 
maintain the equilibrium of the linkage. 
D ) © |. 
60 N Yi N 40N 
IL 0.3m el 0.3m—t<— 0.3 m | 
Fig. P10.1 and P10.3 
=k. 
5 in. 
Qin. 
180 Ib-in, 
30 lb 
A ! 
10 in. 
6 in. 
jc é as 
80 Ib 


Fig. P10.2 and P10.4 


10.3 and 10.4 Determine the couple M that must be applied to 
member ABC to maintain the equilibrium of the linkage. 


10.5 Knowing that the maximum friction force exerted by the bottle on 
the cork is 60 lb, determine (a) the force P that must be applied 
to the corkscrew to open the bottle, (b) the maximum force exerted 
by the base of the corkscrew on the top of the bottle. 


10.6 The two-bar linkage shown is supported by a pin and bracket at 
B and a collar at D that slides freely on a vertical rod. Determine 
the force P required to maintain the equilibrium of the linkage. Fig. P10.5 


100 Ib 
Fig. P10.6 
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10.8 


10.9 
Fig. P10.7 and P10.8 


10.10 


10.11 


Fig. P10.11 


10.12 


Fig. P10.12 


A spring of constant 15 kN/m connects points C and F of the link- 
age shown. Neglecting the weight of the spring and linkage, deter- 
mine the force in the spring and the vertical motion of point G 
when a vertical downward 120-N force is applied (a) at point C, 
(b) at points C and H. 


A spring of constant 15 kN/m connects points C and F of the link 
age shown. Neglecting the weight of the spring and linkage, deter- 
mine the force in the spring and the vertical motion of point G 
when a vertical downward 120-N force is applied (a) at point E, 
(b) at points E and F. 


Knowing that the line of action of the force Q passes through point 
C, derive an expression for the magnitude of Q required to main- 
tain equilibrium. 


Fig. P10.9 


Solve Prob. 10.9 assuming that the force P applied at point A acts 
horizontally to the left. 


The mechanism shown is acted upon by the force P; derive an 
expression for the magnitude of the force Q required to maintain 
equilibrium. 


and 10.13 The slender rod AB is attached to a collar A and 
rests on a small wheel at C. Neglecting the radius of the wheel 
and the effect of friction, derive an expression for the magnitude 
of the force Q required to maintain the equilibrium of the rod. 


Fig. P10.13 


10.14 Derive an expression for the magnitude of the force Q required Problems 57] 
to maintain the equilibrium of the mechanism shown. 


10.15 A uniform rod AB of length / and weight W is suspended from 
two cords AC and BC of equal length. Derive an expression for 
the magnitude of the couple M required to maintain equilibrium 
of the rod in the position shown. 


Fig. P10.14 


Fig. P10.15 


10.16 and 10.17 Derive an expression for the magnitude of the couple 
M required to maintain the equilibrium of the linkage shown. 


Fig. P10.16 Fig. P10.17 


10.18 The pin at C is attached to member BCD and can slide along a slot 
cut in the fixed plate shown. Neglecting the effect of friction, derive 
an expression for the magnitude of the couple M required to main- 
tain equilibrium when the force P that acts at D is directed (a) as 
shown, (b) vertically downward, (c) horizontally to the right. 


Fig. P10.18 
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Fig. P10.21 and P10.22 


10.19 


10.20 


10.21 


10.22 


10.23 


10.24 


10.25 


A 4-kN force P is applied as shown to the piston of the engine 
system. Knowing that AB = 50 mm and BC = 200 mm, determine 
the couple M required to maintain the equilibrium of the system 


when (a) 0 = 30°, (b) 8 = 150°. 


Fig. P10.19 and P10.20 


A couple M of magnitude 100 N - m is applied as shown to the 
crank of the engine system. Knowing that AB = 50 mm and 
BC = 200 mm, determine the force P required to maintain the 
equilibrium of the system when (a) 6 = 60°, (b) 8 = 120°. 


For the linkage shown, determine the couple M required for equi- 
librium when | = 1.8 ft, Q = 40 lb, and @ = 65°. 


For the linkage shown, determine the force Q required for equi- 
librium when / = 18 in., M = 600 lb - in., and 6 = 70°. 


Determine the value of 6 corresponding to the equilibrium position 
of the mechanism of Prob. 10.11 when P = 45 lb and Q = 160 lb. 


Determine the value of @ corresponding to the equilibrium position 
of the mechanism of Prob. 10.9 when P = 80 N and Q = 100 N. 


Rod AB is attached to a block at A that can slide freely in the 
vertical slot shown. Neglecting the effect of friction and the 
weights of the rods, determine the value of @ corresponding to 
equilibrium. 


200 mm 


Fig. P10.25 
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10.27 


10.28 


10.29 


10.30 


10.31 


10.32 


Solve Prob. 10.25 assuming that the 800-N force is replaced by a 
24-N - m clockwise couple applied at D. 


Determine the value of 0 corresponding to the equilibrium position 
of the rod of Prob. 10.12 when | = 30 in., a = 5 in., P = 25 |b, 
and Q = 40 lb. 


Determine the values of @ corresponding to the equilibrium posi- 
tion of the rod of Prob. 10.13 when / = 600 mm, a = 100 mm, 
P = 50 N, andQ = 90N. 


Two rods AC and CE are connected by a pin at C and by a spring 
AE. The constant of the spring is k, and the spring is unstretched 
when @ = 30°. For the loading shown, derive an equation in P, 0, 
l, and k that must be satisfied when the system is in equilibrium. 


Two rods AC and CE are connected by a pin at C and by a spring 
AE. The constant of the spring is 1.5 Ib/in., and the spring is 
unstretched when @ = 30°. Knowing that / = 10 in. and neglecting 
the weight of the rods, determine the value of 6 corresponding to 
equilibrium when P = 40 lb. 


Solve Prob. 10.30 assuming that force P is moved to C and acts 
vertically downward. 


Rod ABC is attached to blocks A and B that can move freely in 
the guides shown. The constant of the spring attached at A is 
k = 3 kN/m, and the spring is unstretched when the rod is vertical. 
For the loading shown, determine the value of 6 corresponding to 
equilibrium. 


150 N 


200 mm 


Fig. P10.32 


Fig. P10.29 and P10.30 


Problems 
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Fig. P10.37 


10.33 


10.34 


10.35 


10.37 


10.38 


A load W of magnitude 600 N is applied to the linkage at B. The 
constant of the spring is k = 2.5 kN/m, and the spring is unstretched 
when AB and BC are horizontal. Neglecting the weight of the 
linkage and knowing that / = 300 mm, determine the value of 
6 corresponding to equilibrium. 


A 


Fig. P10.33 and P10.34 


A vertical load W is applied to the linkage at B. The constant of 
the spring is k, and the spring is unstretched when AB and BC 
are horizontal. Neglecting the weight of the linkage, derive an 
equation in 0, W, /, and k that must be satisfied when the linkage 
is in equilibrium. 


and 10.36 Knowing that the constant of spring CD is k and 
that the spring is unstretched when rod ABC is horizontal, deter- 
mine the value of @ corresponding to equilibrium for the data 
indicated. 

10.35 P= 300 N,/ = 400 mm, k = 5 kN/m. 

10.36 P = 75 |b, / = 15 in., k = 20 Ib/n. 


A load W of magnitude 72 lb is applied to the mechanism at C. 
Neglecting the weight of the mechanism, determine the value of 
@ corresponding to equilibrium. The constant of the spring is 
k = 20 Ib/n., and the spring is unstretched when 6 = 0. 


A force P of magnitude 240 N is applied to end E of cable CDE, 
which passes under pulley D and is attached to the mechanism at 
C. Neglecting the weight of the mechanism and the radius of the 
pulley, determine the value of 6 corresponding to equilibrium. The 
constant of the spring is k = 4 kN/m, and the spring is unstretched 
when 6 = 90°. 


| 300 vim — +] 


Fig. P10.38 


10.39 


10.40 


10.41 


10.42 


10.43 


10.44 


The lever AB is attached to the horizontal shaft BC that passes 
through a bearing and is welded to a fixed support at C. The tor- 
sional spring constant of the shaft BC is K; that is, a couple of mag- 
nitude K is required to rotate end B through 1 rad. Knowing that 
the shaft is untwisted when AB is horizontal, determine the value 
of 8 corresponding to the position of equilibrium when P = 100 N, 
1 = 250 mm, and K = 12.5 N - m/rad. 


Solve Prob. 10.39 assuming that P = 350 N, / = 250 mm, and 
K = 12.5 N - m/rad. Obtain answers in each of the following 
quadrants: 0 < @ < 90°, 270° < @ < 360°, 360° < @ < 450°. 


The position of boom ABC is controlled by the hydraulic cylinder 
BD. For the loading shown, determine the force exerted by the 
hydraulic cylinder on pin B when @ = 65°. 


PSs 


600 Ib 


Fig. P10.41 and P10.42 


The position of boom ABC is controlled by the hydraulic cylin- 
der BD. For the loading shown, (a) express the force exerted by 
the hydraulic cylinder on pin B as a function of the length BD, 
(b) determine the smallest possible value of the angle 6 if the 
maximum force that the cylinder can exert on pin B is 2.5 kips. 


The position of member ABC is controlled by the hydraulic cylin- 


der CD. For the loading shown, determine the force exerted by 
the hydraulic cylinder on pin C when @ = 55°. 


0.8 m 


if NY 


> 


10 kN 


Le 15m a 


Fig. P10.43 and P10.44 


The position of member ABC is controlled by the hydraulic cylin- 
der CD. Determine the angle 6 knowing that the hydraulic cylinder 
exerts a 15-kN force on pin C. 


Fig. P10.39 


Problems 
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10.45 


10.46 


10.47 


10.48 


10.49 


The telescoping arm ABC is used to provide an elevated platform 
for construction workers. The workers and the platform together 
weigh 500 Ib and their combined center of gravity is located directly 
above C. For the position when 6 = 20°, determine the force 
exerted on pin B by the single hydraulic cylinder BD. 


15 ft 
Fig. P10.45 


Solve Prob. 10.45 assuming that the workers are lowered to a point 
near the ground so that 6 = —20°. 


A block of weight W is pulled up a plane forming an angle @ with 
the horizontal by a force P directed along the plane. If uw is the 
coefficient of friction between the block and the plane, derive an 
expression for the mechanical efficiency of the system. Show that 
the mechanical efficiency cannot exceed 3 if the block is to remain 
in place when the force P is removed. 


Denoting by , the coefficient of static friction between the block 
attached to rod ACE and the horizontal surface, derive expressions 
in terms of P, w1,, and @ for the largest and smallest magnitude of 
the force Q for which equilibrium is maintained. 


Fig. P10.48 and P10.49 


Knowing that the coefficient of static friction between the block 
attached to rod ACE and the horizontal surface is 0.15, determine 
the magnitude of the largest and smallest force Q for which equi- 
librium is maintained when 6 = 30°, 1 = 0.2 m, and P = 40 N. 


10.50 Denoting by pu, the coefficient of static friction between collar C Problems 77 
and the vertical rod, derive an expression for the magnitude of the 
largest couple M for which equilibrium is maintained in the posi- 
tion shown. Explain what happens if wu, = tan 6. 


10.51 Knowing that the coefficient of static friction between collar C 
and the vertical rod is 0.40, determine the magnitude of the 
largest and smallest couple M for which equilibrium is main- 
tained in the position shown, when @ = 35°, 1 = 600 mm, and 
P = 300 N. 


10.52 Derive an expression for the mechanical efficiency of the jack dis- 
cussed in Sec. 8.6. Show that if the jack is to be self-locking, the 
mechanical efficiency cannot exceed 5. 


10.53 Using the method of virtual work, determine the reaction at E. 


2kN 3kN 5 kN Fig. P10.50 and P10.51 


Fig. P10.53 and P10.54 


10.54 Using the method of virtual work, determine separately the force 
and couple representing the reaction at H. 


10.55 Referring to Prob. 10.43 and using the value found for the force 
exerted by the hydraulic cylinder CD, determine the change in the 
length of CD required to raise the 10-kN load by 15 mm. 


10.56 Referring to Prob. 10.45 and using the value found for the force 
exerted by the hydraulic cylinder BD, determine the change in 
the length of BD required to raise the platform attached at C 
by 2.5 in. 


10.57 Determine the vertical movement of joint D if the length of member 
BF is increased by 1.5 in. (Hint: Apply a vertical load at joint D, and, 
using the methods of Chap. 6, compute the force exerted by mem- 
ber BF on joints B and F. Then apply the method of virtual work 
for a virtual displacement resulting in the specified increase in 
length of member BF. This method should be used only for small 
changes in the lengths of members.) 


A B D 


Ff 
30 ft 


Cc 
E 
fa H 


F 
L 40 ft [— 40 fe il klk 
Fig. P10.57 and P10.58 


10.58 Determine the horizontal movement of joint D if the length of 
member BF is increased by 1.5 in. (See the hint for Prob. 10.57.) 
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*10.6 WORK OF A FORCE DURING A FINITE 
DISPLACEMENT 


Consider a force F acting on a particle. The work of F corresponding 
to an infinitesimal displacement dr of the particle was defined in 
Sec. 10.2 as 


dU =F -dr (10.1) 


The work of F corresponding to a finite displacement of the particle 
from A, to Ag (Fig. 10.10a) is denoted by U,_,. and is obtained by 
integrating (10.1) along the curve described by the particle: 


Ag 
Us -| F-dr (10.11) 
A 


ub 


Using the alternative expression 
dU =F ds cosa (10.1’) 


given in Sec. 10.2 for the elementary work dU, we can also express 
the work U,_,, as 


Ui. = | ; (F cos a) ds (10.11’) 


Sy 


F cos @ 


where the variable of integration s measures the distance along the path 
traveled by the particle. The work U_,. is represented by the area 
under the curve obtained by plotting F cos @ against s (Fig. 10.10b). 
In the case of a force F of constant magnitude acting in the direction 
of motion, formula (10.11’) yields Uj... = F(sg — sy). 

Recalling from Sec. 10.2 that the work of a couple of moment 
M during an infinitesimal rotation dé of a rigid body is 


dU = M dé (10.2) 


we express as follows the work of the couple during a finite rotation 


of the body: 


9s 
a, 


In the case of a constant couple, formula (10.12) yields 
Uy.9 = M(6, — 9) 


Work of a Weight. It was stated in Sec. 10.2 that the work of 
the weight W of a body during an infinitesimal displacement of the 
body is equal to the product of W and the vertical displacement of 
the center of gravity of the body. With the y axis pointing upward, 
the work of W during a finite displacement of the body (Fig. 10.11) 
is obtained by writing 


dU = —W dy 


Integrating from A; to As, we have 
Yo 
Uys = -| W dy = Wy = Wy2 (10.13) 
Y1 
or 


Uy.2 = —Wlys - yi) = —W Ay (10.13’) 


where Ay is the vertical displacement from A, to Ag. The work of 
the weight W is thus equal to the product of W and the vertical dis- 
placement of the center of gravity of the body. The work is positive 
when Ay < 0, that is, when the body moves down. 


Work of the Force Exerted by a Spring. Consider a body A 
attached to a fixed point B by a spring; it is assumed that the spring 
is undeformed when the body is at Ao (Fig. 10.12a). Experimental 
evidence shows that the magnitude of the force F exerted by the 
spring on a body A is proportional to the deflection x of the spring 
measured from the position Ap. We have 


F = kx (10.14) 


where k is the spring constant, expressed in N/m if SI units are used 
and expressed in lb/ft or lb/in. if U.S. customary units are used. The 
work of the force F exerted by the spring during a finite displacement 
of the body from Ay(x = x,) to Ag(x = xg) is obtained by writing 


dU = —F dx = —kx dx 


U,_4. = -| kx dx = 5kx} — 5kx3 (10.15) 
Care should be taken to express k and x in consistent units. For example, 
if U.S. customary units are used, k should be expressed in lb/ft and x 
expressed in feet, or k in lb/in. and x in inches; in the first case, the work 
is obtained in ft - Ib; in the second case, in in « Ib. We note that the work of 
the force F exerted by the spring on the body is positive when x2 < x, 
that is, when the spring is returning to its undeformed position. 

Since Eq. (10.14) is the equation of a straight line of slope k 
passing through the origin, the work U,_,. of F during the displace- 
ment from A, to Ag can be obtained by evaluating the area of the 
trapezoid shown in Fig. 10.12b. This is done by computing the values 
F, and F, and multiplying the base Ax of the trapezoid by its mean 
height 5(F, + F). Since the work of the force F exerted by the spring 
is positive for a negative value of Ax, we write 


Uysg = —3(Fy + Fo) Ax (10.16) 


Formula (10.16) is usually more convenient to use than (10.15) and 
affords fewer chances of confusing the units involved. 


10.6 Work of a Force during a 


Finite Displacement 


Spring undeformed 


ra 
2 wine 


Ag 


F\-}---- 


Fig. 10.12 
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Fig. 10.11 


(repeated) 


Spring undeformed 


Pi 
a) 
huabiidinye 


] 


Bye \ 


Fig. 10.12a 


%2 


(repeated) 


*10.7 | POTENTIAL ENERGY 


Considering again the body of Fig. 10.11, we note from Eq. (10.13) 
that the work of the weight W during a finite displacement is obtained 
by subtracting the value of the function Wy corresponding to the 
second position of the body from its value corresponding to the first 
position. The work of W is thus independent of the actual path fol- 
lowed; it depends only upon the initial and final values of the func- 
tion Wy. This function is called the potential energy of the body with 
respect to the force of gravity W and is denoted by V,. We write 


Uis2 = (Vz) — (Velo with V, = Wy (10.17) 


We note that if (V,)2 > (V,);, that is, if the potential energy increases 
during the displacement (as in the case considered here), the work 
U,_,9 is negative. If, on the other hand, the work of W is positive, the 
potential energy decreases. Therefore, the potential energy V, of the 
body provides a measure of the work which can be done by its weight W. 
Since only the change in potential energy, and not the actual value of 
V,, is involved in formula (10.17), an arbitrary constant can be added 
to the expression obtained for V,. In other words, the level from which 
the elevation y is measured can be chosen arbitrarily. Note that potential 
energy is expressed in the same units as work, i.e., in joules (J) if SI units 
are used and in ft - Ib or in - lb if U.S. customary units are used. 

Considering now the body of Fig. 10.12a, we note from Eq. 
(10.15) that the work of the elastic force F is obtained by subtracting 
the value of the function 3kx” corresponding to the second position 
of the body from its value corresponding to the first position. This 
function is denoted by V, and is called the potential energy of the 
body with respect to the elastic force F. We write 


Ure = (Vi — (Ve)o with V, = 3kx” (10.18) 


and observe that during the displacement considered, the work of 
the force F exerted by the spring on the body is negative and the 
potential energy V, increases. We should note that the expression 
obtained for V, is valid only if the deflection of the spring is mea- 
sured from its undeformed position. 

The concept of potential energy can be used when forces other 
than gravity forces and elastic forces are involved. It remains valid 
as long as the elementary work dU of the force considered is an exact 
differential. It is then possible to find a function V, called potential 
energy, such that 


qu = —av (10.19) 


Integrating (10.19) over a finite displacement, we obtain the general 
formula 


Uj42 = Vv, = Vo (10.20) 


which expresses that the work of the force is independent of the path 
followed and is equal to minus the change in potential energy. A force 
which satisfies Eq. (10.20) is said to be a conservative force.} 

tSee footnote, page 559. 


tA detailed discussion of conservative forces is given in Sec. 13.7 of Dynamics. 


*10.8 POTENTIAL ENERGY AND EQUILIBRIUM 


The application of the principle of virtual work is considerably simpli- 
fied when the potential energy of a system is known. In the case of a 
virtual displacement, formula (10.19) becomes 6U = —6V. Moreover, 
if the position of the system is defined by a single independent variable 
0, we can write 5V = (dV/d6) 50. Since 60 must be different from zero, 
the condition 6U = 0 for the equilibrium of the system becomes 


wv 10.21 
a5 (10.21) 
In terms of potential energy, therefore, the principle of virtual work 
states that if a system is in equilibrium, the derivative of its total 
potential energy is zero. If the position of the system depends upon 
several independent variables (the system is then said to possess 
several degrees of freedom), the partial derivatives of V with respect 
to each of the independent variables must be zero. 

Consider, for example, a structure made of two members AC 
and CB and carrying a load W at C. The structure is supported by a 
pin at A and a roller at B, and a spring BD connects B to a fixed point 
D (Fig. 10.13a). The constant of the spring is k, and it is assumed 
that the natural length of the spring is equal to AD and thus that the 
spring is undeformed when B coincides with A. Neglecting the friction 
forces and the weight of the members, we find that the only forces 
which work during a displacement of the structure are the weight W 
and the force F exerted by the spring at point B (Fig. 10.13b). The 
total potential energy of the system will thus be obtained by adding 
the potential energy V, corresponding to the gravity force W and the 
potential energy V, corresponding to the elastic force F. 

Choosing a coordinate system with origin at A and noting that 
the deflection of the spring, measured from its undeformed position, 
is AB = xz, we write 


V. = akg Vy = Wyc 


Expressing the coordinates xg and yc in terms of the angle 0, we have 


Xp = 2l sin 0 Yc =! cos 0 
V. = 3k(2l sin 6)? V, = Wil cos @) 
V =V, + V, = 2kl’ sin? 6 + WI cos 0 (10.22) 


The positions of equilibrium of the system are obtained by equating 
to zero the derivative of the potential energy V. We write 


dV . 
—— = 4kl sin @ cos 8 — Wlsin@ = 0 
dé 
or, factoring | sin 9, 
dV 
cae lsin 0(4kl cos 9 — W) = 0 


There are therefore two positions of equilibrium, corresponding to 
the values @ = 0 and @ = cos _! (W/4kl), respectively. ¢ 


+The second position does not exist if W > 4kl. 
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(a) Stable equilibrium 


Fig. 10.14 


*10.9 STABILITY OF EQUILIBRIUM 


Consider the three uniform rods of length 2a and weight W shown 
in Fig. 10.14. While each rod is in equilibrium, there is an important 
difference between the three cases considered. Suppose that each 
rod is slightly disturbed from its position of equilibrium and then 
released: rod a will move back toward its original position, rod b will 
keep moving away from its original position, and rod c will remain 
in its new position. In case a, the equilibrium of the rod is said to 
be stable; in case b, it is said to be unstable; and, in case c, it is said 
to be neutral. 


(b) Unstable equilibrium (c) Neutral equilibrium 


Recalling from Sec. 10.7 that the potential energy V, with 
respect to gravity is equal to Wy, where y is the elevation of the 
point of application of W measured from an arbitrary level, we 
observe that the potential energy of rod a is minimum in the posi- 
tion of equilibrium considered, that the potential energy of rod b 
is maximum, and that the potential energy of rod ¢ is constant. 
Equilibrium is thus stable, unstable, or neutral according to 
whether the potential energy is minimum, maximum, or constant 
(Fig, 10.15). 

That the result obtained is quite general can be seen as fol- 
lows: We first observe that a force always tends to do positive work 
and thus to decrease the potential energy of the system on which 
it is applied. Therefore, when a system is disturbed from its posi- 
tion of equilibrium, the forces acting on the system will tend to 
bring it back to its original position if V is minimum (Fig. 10.15a) 
and to move it farther away if V is maximum (Fig. 10.15b). If V is 
constant (Fig. 10.15c), the forces will not tend to move the system 
either way. 

Recalling from calculus that a function is minimum or maxi- 
mum according to whether its second derivative is positive or nega- 
tive, we can summarize the conditions for the equilibrium of a system 


with one degree of freedom (i.e., a system the position of which is 
defined by a single independent variable 6) as follows: 


(10.23) 


eens _ 


0 0 
(a) Stable equilibrium (b) Unstable equilibrium 
Fig. 10.15 


If both the first and the second derivatives of V are zero, it is neces- 
sary to examine derivatives of a higher order to determine whether 
the equilibrium is stable, unstable, or neutral. The equilibrium will 
be neutral if all derivatives are zero, since the potential energy V is 
then a constant. The equilibrium will be stable if the first derivative 
found to be different from zero is of even order and positive. In all 
other cases the equilibrium will be unstable. 

If the system considered possesses several degrees of freedom, 
the potential energy V depends upon several variables, and it is thus 
necessary to apply the theory of functions of several variables to 
determine whether V is minimum. It can be verified that a system 
with 2 degrees of freedom will be stable, and the corresponding 
potential energy V(0;, 92) will be minimum, if the following relations 
are satisfied simultaneously: 


av wv 
00, 005 
rv  PeVveV 
( ) 7 = 0 (10.24) 
00 085 00; 005 
ov ov 
—= > 0 or —>0 
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(c) Neutral equilibrium 
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SAMPLE PROBLEM 10.4 


A 10-kg block is attached to the rim of a 300-mm-radius disk as shown. 
Knowing that spring BC is unstretched when @ = 0, determine the position 
or positions of equilibrium, and state in each case whether the equilibrium 
is stable, unstable, or neutral. 


SOLUTION 


Potential Energy. Denoting by s the deflection of the spring from its unde- 
formed position and placing the origin of coordinates at O, we obtain 


We = lee V, = Wy = mgy 
Measuring @ in radians, we have 
s = ao y = b cos 0 
Substituting for s and y in the expressions for V, and V.. we write 


V. = 3ka’e* V, = mgb cos 0 
VS Nee 5ka°0” + mgb cos 0 


Positions of Equilibrium. Setting dV/d@ = 0, we write 


CVn, : = 
in = ka @ — mgb sin 0 = 0 
af 
ing = — 

: mgb 


Substituting a = 0.08 m, b = 0.3 m, k = 4 kN/m, and m = 10 kg, we obtain 
(4 kN/m)(0.08 m)? 


(10 kg)(9.81 m/s”)(0.3 m) 
sin 9 = 0.8699 6 


where 6 is expressed in radians. Solving by trial and error for 0, we find 
¢=0 and 0 = 0.902 rad 
¢=0 and Ashe ~ 


Stability of Equilibrium. The second derivative of the potential energy V 
with respect to 6 is 


av 
1682 = ka? — mgb cos 6 

= (4kN/m)(0.08 m)* — (10 kg)(9.81 m/s”)(0.3 m) cos 6 

= 25.6 — 29.43 cos 0 

dv e 
For 0 = 0: 16 = 25.6 — 29.43 cos 0° = —3.83 < 0 
The equilibrium is unstable for6 =0 <4 
dv 


For 0 = 517°: ie = 25.6 — 29.43 cos 51.7° = +7.36 > 0 


7 


The equilibrium is stable for @ = 51.7° <q 


SOLVING PROBLEMS 
YN TOUR OWN 


Li this lesson we defined the work of a force during a finite displacement and 
the potential energy of a rigid body or a system of rigid bodies. You learned to 
use the concept of potential energy to determine the equilibrium position of a 


rigid body or a system of rigid bodies. 


1. The potential energy V of a system is the sum of the potential energies 
associated with the various forces acting on the system that do work as the system 
moves. In the problems of this lesson you will determine the following: 

a. Potential energy of a weight. This is the potential energy due to gravity, 
V, = Wy, where y is the elevation of the weight W measured from some arbitrary 
reference level. Note that the potential energy V, may be used with any vertical 
force P of constant magnitude directed dowiward: we write V, = Py. 

b. Potential energy of a spring. This is the potential energy ‘due to the elastic 
force exerted by a spring, V, = skx*, where k is the constant of the spring and x 
is the deformation of the spring ‘measured from its unstretched position. 


Reactions at fixed supports, internal forces at connections, forces exerted by inex- 
tensible cords and cables, and other forces which do no work do not contribute 
to the potential energy of the system. 


2. Express all distances and angles in terms of a single variable, such as an 
angle 8, when computing the potential energy V of a system. This is necessary, 
since the determination of the equilibrium position of the system requires the 
computation of the derivative dV/d6. 


3. When a system is in equilibrium, the first derivative of its potential energy 
is zero. Therefore: 

a. To determine a position of equilibrium of a system, once its potential 
energy V has been expressed in terms of the single variable 6, compute its deriva- 
tive and solve the equation dV/dé = 0 for 6. 

b. To determine the force or couple required to maintain a system in a 
given position of equilibrium, substitute the known value of 6 in the equation 
dV/dé = 0 and solve this equation for the desired force or couple. 


4. Stability of equilibrium. The following rules generally apply: 

a. Stable equilibrium occurs when the potential energy of the system is mini- 
mum, that is, when dV/d@ = 0 and d°V/d@ > 0 (Figs. 10.14a and 10.15a). 

b. Unstable equilibrium occurs when the potential energy of the system is maxi- 
mum, that is, when dV/d@ = 0 and d’V/dée" < 0 (Figs. 10.14b and 10.15D). 

c. Neutral equilibrium occurs when the potential energy of the system is con- 


stant; dV/d0, dV7/d6", and all the successive derivatives of V are then equal to zero 
(Figs. 10.14c and 10.15c). 


See page 583 for a discussion of the case when dV/dé, dV*/d6” but not all of the 
successive derivatives of V are equal to zero. 
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Fig. P10.69 


PROBLEMS 


10.59 


10.60 


10.61 


10.62 


10.63 


10.64 


10.65 


10.66 


10.67 


10.68 


10.69 


10.70 


Using the method of Sec. 10.8, solve Prob. 10.29. 

Using the method of Sec. 10.8, solve Prob. 10.30. 

Using the method of Sec. 10.8, solve Prob. 10.33. 

Using the method of Sec. 10.8, solve Prob. 10.34. 

Using the method of Sec. 10.8, solve Prob. 10.35. 

Using the method of Sec. 10.8, solve Prob. 10.36. 

Using the method of Sec. 10.8, solve Prob. 10.31. 

Using the method of Sec. 10.8, solve Prob. 10.38. 

Show that the equilibrium is neutral in Prob. 10.1. 

Show that the equilibrium is neutral in Prob. 10.6. 

Two uniform rods, each of mass m and length J, are attached to 
drums that are connected by a belt as shown. Assuming that no 
slipping occurs between the belt and the drums, determine the 


positions of equilibrium of the system and state in each case 
whether the equilibrium is stable, unstable, or neutral. 


Fig. P10.70 


Two uniform rods AB and CD, of the same length J, are attached 
to gears as shown. Knowing that rod AB weighs 3 lb and that rod 
CD weighs 2 lb, determine the positions of equilibrium of the 
system and state in each case whether the equilibrium is stable, 
unstable, or neutral. 


10.71 


10.72 


10.73 


10.74 


10.75 


10.76 


Two uniform rods, each of mass m, are attached to gears of equal 
radii as shown. Determine the positions of equilibrium of the sys- 
tem and state in each case whether the equilibrium is stable, 
unstable, or neutral. 


Fig. P10.71 and P10.72 


Two uniform rods, AB and CD, are attached to gears of equal radii 
as shown. Knowing that Was = 8 lb and Wep = 4 lb, determine 
the positions of equilibrium of the system and state in each case 
whether the equilibrium is stable, unstable, or neutral. 


Using the method of Sec. 10.8, solve Prob. 10.39. Determine 
whether the equilibrium is stable, unstable, or neutral. (Hint: The 
potential energy corresponding to the couple exerted by a torsion 
spring is sK@~, where K is the torsional spring constant and 6 is 
the angle of twist.) 


In Prob. 10.40, determine whether each of the positions of equi- 
librium is stable, unstable, or neutral. (See hint for Prob. 10.73.) 


A load W of magnitude 100 lb is applied to the mechanism at C. 
Knowing that the spring is unstretched when 6 = 15°, determine 
that value of 6 corresponding to equilibrium and check that the 
equilibrium is stable. 


A load W of magnitude 100 lb is applied to the mechanism at C. 
Knowing that the spring is unstretched when @ = 30°, determine 
that value of 6 corresponding to equilibrium and check that the 
equilibrium is stable. 


k =50 lb/in. 


Fig. P10.75 and P10.76 
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588 = Method of Virtual Work 10.77 A slender rod AB, of weight W, is attached to two blocks A and B 
that can move freely in the guides shown. The constant of the 
spring is k, and the spring is unstretched when AB is horizontal. 
Neglecting the weight of the blocks, derive an equation in 6, W, I, 


a Sie and k that must be satisfied when the rod is in equilibrium. 
10.78 A slender rod AB, of weight W, is attached to two blocks A and B 
that can move freely in the guides shown. Knowing that the spring 


is unstretched when AB is horizontal, determine three values of 0 
corresponding to equilibrium when W = 300 Ib, / = 16 in., and 
k = 75 Ib/in. State in each case whether the equilibrium is stable, 
unstable, or neutral. 


Fig. P10.77 and P10.78 


10.79 A slender rod AB, of weight W, is attached to two blocks A and B 
that can move freely in the guides shown. Knowing that the spring 
is unstretched when y = 0, determine the value of y corresponding 
to equilibrium when W = 80 N, / = 500 mm, and k = 600 N/n. 


Fig. P10.79 


10.80 Knowing that both springs are unstretched when y = 0, deter- 
mine the value of y corresponding to equilibrium when W = 80 N, 
1 = 500 mm, and k = 600 N/m. 


b WW — 


~ 


Fig. P10.80 


10.81 A spring AB of constant k is attached to two identical gears as shown. 
Knowing that the spring is undeformed when @ = 0, determine two 
values of the angle 6 corresponding to equilibrium when P = 30 Ib, 
a= 4in,b = 3 in, r = 6 in, andk = 5 bb/in. State in each case 
whether the equilibrium is stable, unstable, or neutral. 


10.82 A spring AB of constant k is attached to two identical gears as 
shown. Knowing that the spring is undeformed when @ = 0, and 
given that a = 60 mm, b = 45 mm, r = 90 mm, and k = 6 kN/m, 
determine (a) the range of values of P for which a position of 
equilibrium exists, (b) two values of @ corresponding to equilibrium 
if the value of P is equal to half the upper limit of the range found 

Fig. P10.81 and P10.82 in part a. 


10.83 


10.84 


10.85 


A slender rod AB is attached to two collars A and B that can move 
freely along the guide rods shown. Knowing that B = 30° and 
P = Q = 400 N, determine the value of the angle @ corresponding 
to equilibrium. 


A slender rod AB is attached to two collars A and B that can 
move freely along the guide rods shown. Knowing that B = 30°, 
P = 100 N, and Q = 25 N, determine the value of the angle 6 
corresponding to equilibrium. 


and 10.86 Collar A can slide freely on the semicircular rod 
shown. Knowing that the constant of the spring is k and that the 
unstretched length of the spring is equal to the radius r, determine 
the value of @ corresponding to equilibrium when W = 50 bb, 
r = 9in., andk = 15 bb/in. 


Fig. P10.85 Fig. P10.86 


10.87 and 10.88 Cart B, which weighs 75 kN, rolls along a sloping 


track that forms an angle B with the horizontal. The spring con- 
stant is 5 kN/m, and the spring is unstretched when x = 0. Deter- 
mine the distance x corresponding to equilibrium for the angle B 
indicated. 

10.87 Angle B = 30° 

10.88 Angle B = 60° 


Fig. P10.87 and P10.88 


Fig. P10.83 and P10.84 
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590 Method of Virtual Work 


—- — 


Fig. P10.89 


10.89 


10.90 


10.91 


A vertical bar AD is attached to two springs of constant k and 
is in equilibrium in the position shown. Determine the range of 
values of the magnitude P of two equal and opposite vertical 
forces P and —P for which the equilibrium position is stable if 
(a) AB = CD, (b) AB = 2CD. 


Rod AB is attached to a hinge at A and to two springs, each of 
constant k. If h = 25 in., d = 12 in., and W = 80 lb, determine 
the range of values of k for which the equilibrium of the rod is 
stable in the position shown. Each spring can act in either tension 
or compression. 


Fig. P10.90 and P10.91 


Rod AB is attached to a hinge at A and to two springs, each of 
constant k. If h = 45 in., k = 6 lb/in., and W = 60 lb, determine 
the smallest distance d for which the equilibrium of the rod is 
stable in the position shown. Each spring can act in either tension 
or compression. 


10.92 and 10.93 Two bars are attached to a single spring of constant 


k that is unstretched when the bars are vertical. Determine the 
range of values of P for which the equilibrium of the system is 
stable in the position shown. 


] co | Be to | | 
© 
Q 


J<— co | 


k 
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Fig. P10.92 and P10.93 


10.94 


10.95 


10.96 


*10.97 


*10.98 


*10.99 


*10.100 


Two bars AB and BC are attached to a single spring of constant k 
that is unstretched when the bars are vertical. Determine the 
range of values of P for which the equilibrium of the system is 
stable in the position shown. 


The horizontal bar BEH is connected to three vertical bars. 
The collar at E can slide freely on bar DF. Determine the 
range of values of Q for which the equilibrium of the system is 
stable in the position shown when a = 24 in., b = 20 in., and 


P = 150 bb. 


Clo [<4 ° 
|, | 
Fig. P10.95 and P10.96 


Q 


The horizontal bar BEH is connected to three vertical bars. 
The collar at E can slide freely on bar DF. Determine the range 
of values of P for which the equilibrium of the system is stable 
in the position shown when a = 150 mm, b = 200 mm, and 


Q=45N. 


Bars AB and BC, each of length / and of negligible weight, are 
attached to two springs, each of constant k. The springs are unde- 
formed, and the system is in equilibrium when 6; = 0) = 0. Deter- 
mine the range of values of P for which the equilibrium position is 
stable. 


Solve Prob. 10.97 knowing that / = 800 mm and k = 2.5 kN/m., 


Two rods of negligible weight are attached to drums of radius r 
that are connected by a belt and spring of constant k. Knowing 
that the spring is undeformed when the rods are vertical, deter- 
mine the range of values of P for which the equilibrium position 
0, = 0) = 0 is stable. 


Solve Prob. 10.99 knowing that k = 20 lb/in., r = 3 in., 1 = 6 in., 
and (a) W = 15 lb, (b) W = 60 lb. 


|< 


Fig. P10.94 


Fig. P10.97 


Fig. P10.99 


Problems 
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REVIEW AND SUMMARY 


Work of a force The first part of this chapter was devoted to the principle of virtual 
work and to its direct application to the solution of equilibrium prob- 
lems. We first defined the work of a force F corresponding to the 
small displacement dr [Sec. 10.2] as the quantity 


F dU =F -dr (10.1) 


obtained by forming the scalar product of the force F and the dis- 
placement dr (Fig. 10.16). Denoting respectively by F and ds the 


<,9A' magnitudes of the force and of the displacement, and by a the angle 
dr formed by F and dr, we wrote 
“ dU = F ds cosa (10.1’) 
Fig. 10.16 


The work dU is positive if a < 90°, zero if a = 90°, and negative if 
a > 90°. We also found that the work of a couple of moment M 
acting on a rigid body is 


dU = M do (10.2) 


where d6 is the small angle expressed in radians through which the 
body rotates. 


Virtual displacement Considering a particle located at A and acted upon by several forces 
F,, F;,..., F, [Sec. 10.3], we imagined that the particle moved to 
a new position A’ (Fig. 10.17). Since this displacement did not actu- 
ally take place, it was referred to as a virtual displacement and 
denoted by dr, while the corresponding work of the forces was called 
virtual work and denoted by 5U. We had 


6U =F,: ér+ F,: 6r +---+F,: or 


Principle of virtual work The principle of virtual work states that if a particle is in equilib- 
rium, the total virtual work 6U of the forces acting on the particle is 
zero for any virtual displacement of the particle. 

The principle of virtual work can be extended to the case of 
rigid bodies and systems of rigid bodies. Since it involves only forces 
which do work, its application provides a useful alternative to the 
use of the equilibrium equations in the solution of many engineering 
problems. It is particularly effective in the case of machines and 
mechanisms consisting of connected rigid bodies, since the work of 
the reactions at the supports is zero and the work of the internal forces 
at the pin connections cancels out [Sec. 10.4; Sample Probs. 10.1, 10.2, 
and 10.3]. 


Fig. 10.17 
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In the case of real machines, however [Sec. 10.5], the work of the Review and Summary 5Q3 
friction forces should be taken into account, with the result that the 
output work will be less than the input work. Defining the mechanical Mechanical efficiency 
efficiency of a machine as the ratio 

output work 

Se (10.9) 

input work 
we also noted that for an ideal machine (no friction) 7 = 1, while 
for a real machine n < 1. 


In the second part of the chapter we considered the work of forces Work of a force over a finite 
corresponding to finite displacements of their points of application. displacement 

The work Uj_,. of the force F corresponding to a displacement of 
the particle A from A, to Ag (Fig. 10.18) was obtained by integrating 
the right-hand member of Eq. (10.1) or (10.1') along the curve 
described by the particle [Sec. 10.6]: 


As 
Ay 
or 
Ui s9 = | : (F cos a) ds (10.11’) 


Similarly, the work of a couple of moment M corresponding to a 
finite rotation from 6; to 6, of a rigid body was expressed as 


Fig. 10.18 


62 
Uy... = | M dé (10.12) 
0 


1 


The work of the weight W of a body as its center of gravity moves Work of a weight 
from the elevation y; to ys (Fig. 10.19) can be obtained by making 
F = W and a = 180° in Eq. (10.11’): 


Yo 
Uy.2 = -| Wdy = Wy, — Wy (10.13) 
Y 


The work of W is therefore positive when the elevation y decreases. 
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Work of the force exerted by a spring 
Spring undeformed 


B nina 


Ao 


www. 

beds abhi 
r¥<— 
=|" 


Fig. 10.20 ; 
Potential energy 


Alternative expression for the 
principle of virtual work 


Stability of equilibrium 


The work of the force F exerted by a spring on a body A as the 
spring is stretched from x, to xg (Fig. 10.20) can be obtained by 
making F = kx, where k is the constant of the spring, and a = 180° 
in Eq. (10.11’): 


Ui... = -| te dx = $kxi — $kx3 (10.15) 


xy 


The work of F is therefore positive when the spring is returning to 
its undeformed position. 


When the work of a force F is independent of the path actually 
followed between A, and As, the force is said to be a conservative 
force, and its work can be expressed as 


Uj, 52 a Vi — Vs (10.20) 


where V is the potential energy associated with F, and V, and V2 
represent the values of V at A; and Ag, respectively [Sec. 10.7]. The 
potential energies associated, respectively, with the force of gravity 
W and the elastic force F exerted by a spring were found to be 


V,= Wy and V, = gkx” (10.17, 10.18) 


When the position of a mechanical system depends upon a single 
independent variable 6, the potential energy of the system is a func- 
tion V(@) of that variable, and it follows from Eq. (10.20) that 6U = 
—6V = —(dV/d@) 50. The condition 6U = 0 required by the princi- 
ple of virtual work for the equilibrium of the system can thus be 
replaced by the condition 


dV 
ae (10.21) 


When all the forces involved are conservative, it may be preferable 
to use Eq. (10.21) rather than apply the principle of virtual work 
directly [Sec. 10.8; Sample Prob. 10.4]. 


This approach presents another advantage, since it is possible to 
determine from the sign of the second derivative of V whether the 
equilibrium of the system is stable, unstable, or neutral [Sec. 10.9]. 
If d’°V/de? > 0, V is minimum and the equilibrium is stable; if 
d’v/de? < 0, V is maximum and the equilibrium is unstable; if 
Vide = 0, it is necessary to examine derivatives of a higher order. 


REVIEW PROBLEMS 


10.101 Determine the vertical force P that must be applied at G to main- 
tain the equilibrium of the linkage. 


10.102 Determine the couple M that must be applied to member DEFG 
to maintain the equilibrium of the linkage. 


10.103 Derive an expression for the magnitude of the couple M required 
to maintain the equilibrium of the linkage shown. 


|-< >| 


8 in. 12 in. 6in. 10in. 
Fig. P10.101 and P10.102 


Fig. P10.103 


10.104 Collars A and B are connected by the wire AB and can slide freely y 
on the rods shown. Knowing that the length of the wire is 440 mm 
and that the weight W of collar A is 90 N, determine the magni- : 
240 mm 


tude of the force P required to maintain equilibrium of the system 


when (a) c = 80 mm, (b) c = 280 mm. P 
x 
10.105 Collar B can slide along rod AC and is attached by a pin to a a B 
block that can slide in the vertical slot shown. Derive an expres- 
sion for the magnitude of the couple M required to maintain b 
equilibrium. A is A 


Fig. P10.104 


Fig. P10.105 
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10.107 


Fig. P10.106 


10.108 


10.109 


10.110 


9 in. 


Fig. P10.108 


A slender rod of length / is attached to a collar at B and rests on 
a portion of a circular cylinder of radius r Neglecting the effect 
of friction, determine the value of 6 corresponding to the equilib- 
rium position of the mechanism when / = 200 mm, r = 60 mm, 
P = 40N, and Q = 80N. 


A horizontal force P of magnitude 40 lb is applied to the mechanism 
at C. The constant of the spring is k = 9 lb/in., and the spring is 
unstretched when 6 = 0. Neglecting the weight of the mechanism, 
determine the value of 6 corresponding to equilibrium. 


Fig. P10.107 


Two identical rods ABC and DBE are connected by a pin at B 
and by a spring CE. Knowing that the spring is 4 in. long when 
unstretched and that the constant of the spring is 8 lb/in., deter- 
mine the distance x corresponding to equilibrium when a 24-lb 
load is applied at E as shown. 


Solve Prob. 10.108 assuming that the 24-lb load is applied at C 
instead of E. 


Two uniform rods, each of mass m and length J, are attached to 
gears as shown. For the range 0 = 6 = 180°, determine the posi- 
tions of equilibrium of the system and state in each case whether 
the equilibrium is stable, unstable, or neutral. 


D 


Fig. P10.110 


10.111 A homogeneous hemisphere of radius r is placed on an incline as 


10.112 


shown. Assuming that friction is sufficient to prevent slipping 
between the hemisphere and the incline, determine the angle 6 
corresponding to equilibrium when B = 10°. 


Fig. P10.111 and P10.112 


A homogeneous hemisphere of radius r is placed on an incline as 
shown. Assuming that friction is sufficient to prevent slipping 
between the hemisphere and the incline, determine (a) the largest 
angle B for which a position of equilibrium exists, (b) the angle @ 
corresponding to equilibrium when the angle B is equal to half 
the value found in part a. 


Review Problems 
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COMPUTER PROBLEMS 


10.€1_ A couple M is applied to crank AB in order to maintain the equi- 
librium of the engine system shown when a force P is applied to the piston. 
Knowing that b = 2.4 in. and/ = 7.5 in., write a computer program that can 
be used to calculate the ratio M/P for values of @ from 0 to 180° using 10° 
increments. Using appropriate smaller increments, determine the value of 6 
for which the ratio M/P is maximum, and the corresponding value of M/P. 


Fig. P10.C1 


10.€2 Knowing that a = 500 mm, b = 150 mm, L = 500 mm, and P = 
100 N, write a computer program that can be used to calculate the force in 
member BD for values of @ from 30° to 150° using 10° increments. Using 
appropriate smaller increments, determine the range of values of 6 for which 
the absolute value of the force in member BD is less than 400 N. 


Fig. P10.C2 


10.€3 Solve Prob. 10.C2 assuming that the force P applied at A is directed 
horizontally to the right. 


10.€4 The constant of spring AB is k, and the spring is unstretched when 
6 = 0. (a) Neglecting the weight of the member BCD, write a computer 
program that can be used to calculate the potential energy of the system and 
its derivative dV/d0. (b) For W = 150 lb, a = 10 in., and k = 75 Ib/n., cal- 
culate and plot the potential energy versus @ for values of 6 from 0 to 165° 
using 15° increments. (c) Using appropriate smaller increments, determine 
the values of @ for which the system is in equilibrium and state in each case 
Fig. P10.C4 whether the equilibrium is stable, unstable, or neutral. 
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10.€5 Two rods, AC and DE, each of length L, are connected by a collar 
that is attached to rod AC at its midpoint B. (a) Write a computer program 
that can be used to calculate the potential energy V of the system and its 
derivative dV/d6. (b) For W = 75 N, P = 200 N, and L = 500 mm, calculate 
V and dV/dé for values of 0 from 0 to 70° using 5° increments. (c) Using 
appropriate smaller increments, determine the values of @ for which the 
system is in equilibrium and state in each case whether the equilibrium is 
stable, unstable, or neutral. 


10.€6 A slender rod ABC is attached to blocks A and B that can move 
freely in the guides shown. The constant of the spring is k, and the spring 
is unstretched when the rod is vertical. (a) Neglecting the weights of the 
rod and of the blocks, write a computer program that can be used to cal- 
culate the potential energy V of the system and its derivative dV/d0. (b) For 
P = 150 N,/ = 200 mm, and k = 3 kN/m, calculate and plot the potential 
energy versus 6 for values of @ from 0 to 75° using 5° increments. (c) Using 
appropriate smaller increments, determine any positions of equilibrium in 
the range 0 = @ = 75° and state in each case whether the equilibrium is 
stable, unstable, or neutral. 


Fig. P10.C6 


10.C7 Solve Prob. 10.C6 assuming that the force P applied at C is directed 
horizontally to the right. 


Fig. P10.C5 


Computer Problems 
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The motion of the space shuttle can 

be described in terms of its position, 
velocity, and acceleration. When landing, 
the pilot of the shuttle needs to consider 
the wind velocity and the relative motion 
of the shuttle with respect to the wind. 
The study of motion is known as 
kinematics and is the subject of 


this chapter. 
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Chapter 11 Kinematics of 
Particles 


Introduction to Dynamics 
Position, Velocity, and 
Acceleration 

Determination of the Motion of 
a Particle 

Uniform Rectilinear Motion 
Uniformly Accelerated Rectilinear 
Motion 

Motion of Several Particles 
Graphical Solution of Rectilinear- 
Motion Problems 

Other Graphical Methods 
Position Vector, Velocity, and 
Acceleration 

Derivatives of Vector Functions 
Rectangular Components of 
Velocity and Acceleration 
Motion Relative to a Frame in 
Translation 

Tangential and Normal 
Components 

Radial and Transverse 
Components 


11.1. INTRODUCTION TO DYNAMICS 


Chapters 1 to 10 were devoted to statics, i.e., to the analysis of bodies 
at rest. We now begin the study of dynamics, the part of mechanics 
that deals with the analysis of bodies in motion. 

While the study of statics goes back to the time of the Greek 
philosophers, the first significant contribution to dynamics was made 
by Galileo (1564-1642). Galileo’s experiments on uniformly acceler- 
ated bodies led Newton (1642-1727) to formulate his fundamental 
laws of motion. 

Dynamics includes: 


1. Kinematics, which is the study of the geometry of motion. 
Kinematics is used to relate displacement, velocity, acceleration, 
and time, without reference to the cause of the motion. 

2. Kinetics, which is the study of the relation existing between the 
forces acting on a body, the mass of the body, and the motion 
of the body. Kinetics is used to predict the motion caused by 
given forces or to determine the forces required to produce a 
given motion. 


Chapters 11 to 14 are devoted to the dynamics of particles; in 
Chap. 11 the kinematics of particles will be considered. The use of 
the word particles does not mean that our study will be restricted to 
small corpuscles; rather, it indicates that in these first chapters the 
motion of bodies—possibly as large as cars, rockets, or airplanes— 
will be considered without regard to their size. By saying that the 
bodies are analyzed as particles, we mean that only their motion as 
an entire unit will be considered; any rotation about their own mass 
center will be neglected. There are cases, however, when such a 
rotation is not negligible; the bodies cannot then be considered as 
particles. Such motions will be analyzed in later chapters, dealing 
with the dynamics of rigid bodies. 

In the first part of Chap. 11, the rectilinear motion of a particle 
will be analyzed; that is, the position, velocity, and acceleration of a 
particle will be determined at every instant as it moves along a 
straight line. First, general methods of analysis will be used to study 
the motion of a particle; then two important particular cases will be 
considered, namely, the uniform motion and the uniformly acceler- 
ated motion of a particle (Secs. 11.4 and 11.5). In Sec. 11.6 the 
simultaneous motion of several particles will be considered, and the 
concept of the relative motion of one particle with respect to another 
will be introduced. The first part of this chapter concludes with a 
study of graphical methods of analysis and their application to the 
solution of various problems involving the rectilinear motion of par- 
ticles (Secs. 11.7 and 11.8). 

In the second part of this chapter, the motion of a particle as 
it moves along a curved path will be analyzed. Since the position, 
velocity, and acceleration of a particle will be defined as vector 
quantities, the concept of the derivative of a vector function will be 
introduced in Sec. 11.10 and added to our mathematical tools. 
Applications in which the motion of a particle is defined by the 


rectangular components of its velocity and acceleration will then be 
considered; at this point, the motion of a projectile will be analyzed 
(Sec. 11.11). In Sec. 11.12, the motion of a particle relative to a 
reference frame in translation will be considered. Finally, the cur- 
vilinear motion of a particle will be analyzed in terms of components 
other than rectangular. The tangential and normal components of a 
particular velocity and an acceleration will be introduced in 
Sec. 11.13 and the radial and transverse components of its velocity 
and acceleration in Sec. 11.14. 


RECTILINEAR MOTION OF PARTICLES 


11.2 POSITION, VELOCITY, AND ACCELERATION 


A particle moving along a straight line is said to be in rectilinear 
motion. At any given instant t, the particle will occupy a certain posi- 
tion on the straight line. To define the position P of the particle, we 
choose a fixed origin O on the straight line and a positive direction 
along the line. We measure the distance x from O to P and record 
it with a plus or minus sign, according to whether P is reached from 
O by moving along the line in the positive or the negative direction. 
The distance x, with the appropriate sign, completely defines the 
position of the particle; it is called the position coordinate of the 
particle considered. For example, the position coordinate corre- 
sponding to P in Fig. 11.1la is x = +5 m; the coordinate correspond- 
ing to P’ in Fig. 11.1b is x’ = —2 m. 

When the position coordinate x of a particle is known for every 
value of time t, we say that the motion of the particle is known. The 
“timetable” of the motion can be given in the form of an equation 
in x and t, such as x = 6¢? — ¢°, or in the form of a graph of x versus 
t as shown in Fig. 11.6. The units most often used to measure the 
position coordinate x are the meter (m) in the SI system of unitst 
and the foot (ft) in the U.S. customary system of units. Time ¢ is 
usually measured in seconds (s). 

Consider the position P occupied by the particle at time t 
and the corresponding coordinate x (Fig. 11.2). Consider also the 
position P’ occupied by the particle at a later time t + At; the 
position coordinate of P’ can be obtained by adding to the coor- 
dinate x of P the small displacement Ax, which will be positive or 
negative according to whether P’ is to the right or to the left of 
P. The average velocity of the particle over the time interval At 
is defined as the quotient of the displacement Ax and the time 
interval At: 


; Ax 
Average velocity = —— 


At 


+C£. Sec. 1.3. 
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Photo 11.1 The motion of this solar car can be 
described by its position, velocity and 
acceleration. 
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If SI units are used, Ax is expressed in meters and At in seconds; 
the average velocity will thus be expressed in meters per second 
(m/s). If U.S. customary units are used, Av is expressed in feet and 
At in seconds; the average velocity will then be expressed in feet per 
second (ft/s). 

The instantaneous velocity v of the particle at the instant t is 
obtained from the average velocity by choosing shorter and shorter 
time intervals At and displacements Ax: 

_ Ax 
Instantaneous velocity =v= lim — 
Ato At 
The instantaneous velocity will also be expressed in m/s or ft/s. 
Observing that the limit of the quotient is equal, by definition, to 
the derivative of x with respect to t, we write 


ean 


aap (11.1) 


0) 


The velocity v is represented by an algebraic number which can be 
positive or negative.t A positive value of v indicates that x increases, 
ie., that the particle moves in the positive direction (Fig. 11.3a); a 
negative value of v indicates that x decreases, i.e., that the particle 
moves in the negative direction (Fig. 11.3b). The magnitude of v is 
known as the speed of the particle. 

Consider the velocity v of the particle at time t¢ and also its 
velocity v + Av at a later time t + At (Fig. 11.4). The average accel- 
eration of the particle over the time interval At is defined as the 
quotient of Av and At: 

; Av 
Average acceleration = —— 
At 
If SI units are used, Av is expressed in m/s and A¢f in seconds; the 
average acceleration will thus be expressed in m/s”. If U.S. customary 
units are used, Av is expressed in ft/s and At in seconds; the average 
acceleration will then be expressed in ft/s”. 

The instantaneous acceleration a of the particle at the instant 
t is obtained from the average acceleration by choosing smaller and 
smaller values for At and Av: 

; _ Ao 

Instantaneous acceleration = a = lim — 

ato At 
The instantaneous acceleration will also be expressed in m/s” or ft/s”. 
The limit of the quotient, which is by definition the derivative of v 


tAs you will see in Sec. 11.9, the velocity is actually a vector quantity. However, since 
we are considering here the rectilinear motion of a particle, where the velocity of the 
particle has a known and fixed direction, we need only specify the sense and magnitude 
of the velocity; this can be conveniently done by using a scalar quantity with a plus or 
minus sign. The same is true of the acceleration of a particle in rectilinear motion. 


with respect to t, measures the rate of change of the velocity. We 
write 


dv 
C= ae (11.2) 
or, substituting for v from (11.1), 
d’x 
ary. 11.3 
Ca (11.3) 


The acceleration a is represented by an algebraic number which can 
be positive or negative. A positive value of a indicates that the 
velocity (ie., the algebraic number v) increases. This may mean that 
the particle is moving faster in the positive direction (Fig. 11.5a) or 
that it is moving more slowly in the negative direction (Fig. 11.5b); 
in both cases, Av is positive. A negative value of a indicates that the 
velocity decreases; either the particle is moving more slowly in the 
positive direction (Fig. 11.5c) or it is moving faster in the negative 
direction (Fig. 11.5d). 
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The term deceleration is sometimes used to refer to a@ when 
the speed of the particle (i.e., the magnitude of v) decreases; the par- 
ticle is then moving more slowly. For example, the particle of Fig. 11.5 
is decelerated in parts b and c; it is truly accelerated (i.e., moves faster) 
in parts a and d. 

Another expression for the acceleration can be obtained by 
eliminating the differential dt in Eqs. (11.1) and (11.2). Solving (11.1) 
for dt, we obtain dt = dx/v; substituting into (11.2), we write 


= ge (11.4) 
7. : 


tSee footnote, page 604. 
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EXAMPLE Consider a particle moving in a straight line, and assume that 
its position is defined by the equation 


x=6e-# 


where t is expressed in seconds and x in meters. The velocity v at any time 
t is obtained by differentiating x with respect to t: 


dx 7 
p= * = 194 - 3 
° dt 


The acceleration a is obtained by differentiating again with respect to t: 


dv 
= —= 12 — 6 
Od 


The position coordinate, the velocity, and the acceleration have been plot- 
ted against ¢ in Fig. 11.6. The curves obtained are known as motion 
curves. Keep in mind, however, that the particle does not move along any 
of these curves; the particle moves in a straight line. Since the derivative 
of a function measures the slope of the corresponding curve, the slope 
of the x-t curve at any given time is equal to the value of v at that time 
and the slope of the v-t curve is equal to the value of a. Since a = 0 at 
t = 2, the slope of the v-t curve must be zero at t = 2 s; the velocity 
reaches a maximum at this instant. Also, since v = 0 att = 0 and att = 
4 s, the tangent to the x-t curve must be horizontal for both of these 
values of t. 


A study of the three motion curves of Fig. 11.6 shows that the motion 
of the particle from ¢ = 0 to t = © can be divided into four phases: 


1. The particle starts from the origin, x = 0, with no velocity but with a 
positive acceleration. Under this acceleration, the particle gains a posi- 
tive velocity and moves in the positive direction. From t = 0 to t = 
2s, x, v, and a are all positive. 

2. Att = 2s, the acceleration is zero; the velocity has reached its maxi- 
mum value. From t = 2s tot = 45, v is positive, but a is negative; 
the particle still moves in the positive direction but more and more 
slowly; the particle is decelerating. 

3. Att = 4s, the velocity is zero; the position coordinate x has reached 
its maximum value. From then on, both v and a are negative; the 
particle is accelerating and moves in the negative direction with 
increasing speed. 

4. Att = 6s, the particle passes through the origin; its coordinate x is 
then zero, while the total distance traveled since the beginning of the 
motion is 64 m. For values of t larger than 6 s, x, v, and a will all be 
negative. The particle keeps moving in the negative direction, away 
from O, faster and faster. & 


11.3. DETERMINATION OF THE MOTION 
OF A PARTICLE 


We saw in the preceding section that the motion of a particle is said 
to be known if the position of the particle is known for every value 
of the time f. In practice, however, a motion is seldom defined by a 
relation between x and t. More often, the conditions of the motion 
will be specified by the type of acceleration that the particle pos- 
sesses. For example, a freely falling body will have a constant accel- 
eration, directed downward and equal to 9.81 m/s”, or 32.2 ft/s"; a 
mass attached to a spring which has been stretched will have an 
acceleration proportional to the instantaneous elongation of the 
spring measured from the equilibrium position; etc. In general, the 
acceleration of the particle can be expressed as a function of one or 
more of the variables x, v, and t. In order to determine the position 
coordinate x in terms of t, it will thus be necessary to perform two 
successive integrations. 
Let us consider three common classes of motion: 


1. a = f(t). The Acceleration Is a Given Function of t. Solving 
(11.2) for dv and substituting f(t) for a, we write 


dv = adt 
dv = f(t) dt 


Integrating both members, we obtain the equation 


J dv = J f(t) dt 


which defines v in terms of t. It should be noted, however, that 
an arbitrary constant will be introduced as a result of the inte- 
gration. This is due to the fact that there are many motions 
which correspond to the given acceleration a = f(t). In order 
to uniquely define the motion of the particle, it is necessary to 
specify the initial conditions of the motion, i.e., the value vp of 
the velocity and the value xo of the position coordinate at t = 
0. Replacing the indefinite integrals by definite integrals with 
lower limits corresponding to the initial conditions t = 0 and 
v = vo and upper limits corresponding to t = t and v = v, we 


write 
[a =| fit) dt 


vo 10) 


o —eo=| fled ae 


0 


which yields v in terms of f. 
Equation (11.1) can now be solved for dx, 


dx =v dt 


and the expression just obtained substituted for v. Both mem- 
bers are then integrated, the left-hand member with respect 
tox from x = xo to x = x, and the right-hand member with 


11.3 Determination of the Motion 
of a Particle 
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respect to ¢t from t = 0 to t = t. The position coordinate x 
is thus obtained in terms of t; the motion is completely 
determined. 

Two important particular cases will be studied in greater 
detail in Secs. 11.4 and 11.5: the case when a = 0, correspond- 
ing to a uniform motion, and the case when a = constant, 
corresponding to a uniformly accelerated motion. 


a = f(x). The Acceleration Is a Given Function of x. Rearranging 
Eq. (11.4) and substituting f(x) for a, we write 


odv =adx 


ol = Fe) de 


Since each member contains only one variable, we can inte- 
grate the equation. Denoting again by vp and xo, respectively, 
the initial values of the velocity and of the position coordinate, 
we obtain 


and substitute for v the expression just obtained. Both mem- 
bers can then be integrated to obtain the desired relation 
between x and t. However, in most cases this last integration 
cannot be performed analytically and one must resort to a 
numerical method of integration. 


a = flv). The Acceleration Is a Given Function of v. We can 
now substitute f(v) for a in either (11.2) or (11.4) to obtain 
either of the following relations: 


dv dv 
flv) = en flv) = oT 
co. go 


flv) flv) 


Integration of the first equation will yield a relation between v 
and t; integration of the second equation will yield a relation 
between v and x. Either of these relations can be used in con- 
junction with Eq. (11.1) to obtain the relation between x and 
t which characterizes the motion of the particle. 


SAMPLE PROBLEM 11.1 


The position of a particle which moves along a straight line is defined by the 
relation x = ¢? — 6f? — 15t + 40, where x is expressed in feet and ¢ in seconds. 
Determine (a) the time at which the velocity will be zero, (b) the position and 
distance traveled by the particle at that time, (c) the acceleration of the particle 
at that time, (d) the distance traveled by the particle from t = 4s tot = 6s. 


SOLUTION 
x(ft) The equations of motion are 
x= — 6 — 15t + 40 (1) 
v= “ = 32 — 12t — 15 (2) 
a= a = 6t — 12 (3) 


a. Time at Which v = 0. We set v = 0 in (2): 
3%—12t-15=0 t=-ls and t=+t+5s < 


Only the root t = +5 s corresponds to a time after the motion has begun: 
for t <5 s, v < 0, the particle moves in the negative direction; for t > 5 s, 
v > 0, the particle moves in the positive direction. 


b. Position and Distance Traveled When v = 0. Carrying t = +5 s into 


v (ft/s) (1), we have 
xs = (5)° — 6(5)* — 15(5) + 40 x; = —60ft < 
The initial position at f = 0 was xy = +40 ft. Since v # 0 during the interval 
# = Otot = 5s, we have 
0 +5 t(s) 
Distance traveled = xs — x9 = —60 ft — 40 ft = —100 ft 
Distance traveled = 100 ft in the negative direction <4 
c. Acceleration When v = 0. We substitute t = +5 s into (3): 
as = 6(5) — 12 ds = +18 ft/s? 
a(ft/s?) 


d. Distance Traveled from t= 4s tof= 6s. The particle moves in the 
negative direction from t = 4s tot = 5s and in the positive direction from 
18 t = 5s tot = 6s; therefore, the distance traveled during each of these 
time intervals will be computed separately. 


From? = 4s tot = 5s: x; = —60 ft 
xy = (4)3 — 6(4)? — 15(4) + 40 = —52 ft 


Distance traveled = x; — x, = —60 ft — (—52 ft) = —8 ft 
= 8 ft in the negative direction 


From ¢ = 5s tot =6s: xs = —60 ft 


xg = (6)° — 6(6)? — 15(6) + 40 = —50 ft 
Distance traveled = xg — x5 = —50 ft — (—60 ft) = +10 ft 
= 10 ft in the positive direction 


Total distance traveled fromt = 4stot =6sis8ft+ 10ft =I18ft << 
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Velocity-time curve 


~a =—9.81 m/s? 


0 


610 


Position-time 
curve 


SAMPLE PROBLEM 11.2 


A ball is tossed with a velocity of 10 m/s directed vertically upward from a 
window located 20 m above the ground. Knowing that the acceleration of 
the ball is constant and equal to 9.81 m/s” downward, determine (a) the 
velocity v and elevation y of the ball above the ground at any time t, 
(b) the highest elevation reached by the ball and the corresponding value 
of t, (c) the time when the ball will hit the ground and the corresponding 
velocity. Draw the v-t and y-t curves. 


SOLUTION 


a. Velocity and Elevation. The y axis measuring the position coordinate (or 
elevation) is chosen with its origin O on the ground and its positive sense 
upward. The value of the acceleration and the initial values of v and y are as 
indicated. Substituting for a in a = dv/dt and noting that at t = 0, vy) = +10 m/s, 
we have 


dv 


ee —9.81 m/s" 
vo b 
| dv = -| 9.81 dt 
£o= 10 0 
[v]to = —[9.81¢]) 
v — 10 = -9.81t 
o=10-98lt (1) < 


Substituting for v in v = dy/dt and noting that at t = 0, yy) = 20 m, we have 


= = 6 = 10] Ole 


y t 
| dy -| (10 — 9.81t) dt 
yo=20 0 


[y]¥o = [10t — 4.905¢7]5 
y — 20 = 10¢ — 4.9052? 
y = 20 + 10t — 4.9054 (2) < 


bo 
oS 
| 


b. Highest Elevation. When the ball reaches its highest elevation, we have 
v = 0. Substituting into (1), we obtain 


10 — 9.81t = 0 
Carrying t = 1.019 s into (2), we have 
y = 20 + 10(1.019) — 4.905(1.019” y=25lm < 


+ 


=1019s < 


c. Ball Hits the Ground. When the ball hits the ground, we have y = 0. 
Substituting into (2), we obtain 


90 + 10¢ — 4.9057 =0 t=-12435 and t=+3.28s < 


Only the root t = +3.28 s corresponds to a time after the motion has begun. 
Carrying this value of t into (1), we have 


o = 10 — 9.81(3.28) = —22.2 m/s y= 229 mis | <q 


Piston 


SAMPLE PROBLEM 11.3 


The brake mechanism used to reduce recoil in certain types of guns consists 
essentially of a piston attached to the barrel and moving in a fixed cylinder 
filled with oil. As the barrel recoils with an initial velocity vo, the piston 
moves and oil is forced through orifices in the piston, causing the piston 
and the barrel to decelerate at a rate proportional to their velocity; that is, 
a = —kv. Express (a) v in terms of t, (b) x in terms of t, (c) v in terms of 
x. Draw the corresponding motion curves. 


SOLUTION 


a. v in Terms of ft. Substituting —kv for a in the fundamental formula 
defining acceleration, a = dv/dt, we write 


vo i 
ee AEP | = -%/ dt 
dt v n i 


v = 
lin — = [4 U = ve ie 


< 


b. x in Terms of ft. Substituting the expression just obtained for v into 
v = dx/dt, we write 


=e dx 
Loe = dt 
x it 
| = 03 e * dt 
oe 05 
x= le i (Cr =) 


dv 
ko = oh 
dv = —k dx 
| dy = -r| dx 
vo 10) 
D = Up = —kx DV =o —-kxe < 


Check. Part c could have been solved by eliminating t from the answers 
obtained for parts a and b. This alternative method can be used as a check. 
From part a we obtain Cr = oho substituting into the answer of part b, 
we obtain 


x =—(l—-—e") = a1 “) v = Uo — kx (checks) 


vo 
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SOLVING SPROBLEMS 
JN FOUR OWN 


L the problems for this lesson, you will be asked to determine the position, the 
velocity, or the acceleration of a particle in rectilinear motion. As you read each 
problem, it is important that you identify both the independent variable (typically 
t or x) and what is required (for example, the need to express v as a function of 

x). You may find it helpful to start each problem by writing down both the given 
information and a simple statement of what is to be determined. 


1. Determining v(t) and a(f) for a given x(t). As explained in Sec. 11.2, the 
first and the second derivatives of x with respect to ¢ are respectively equal to the 
velocity and the acceleration of the particle [Eqs. (11.1) and (11.2)]. If the velocity 
and the acceleration have opposite signs, the particle can come to rest and then 
move in the opposite direction [Sample Prob. 11.1]. Thus, when computing the 
total distance traveled by a particle, you should first determine if the particle will 
come to rest during the specified interval of time. Constructing a diagram similar 
to that of Sample Prob. 11.1 that shows the position and the velocity of the particle 
at each critical instant (0 = Una, 0 = 0, etc.) will help you to visualize the 
motion. 


2. Determining v(f) and x(t) for a given a(f). The solution of problems of this 
type was discussed in the first part of Sec. 11.3. We used the initial conditions, 
t = 0 and v = vp, for the lower limits of the integrals in ¢ and v, but any other 
known state (for example, t = t), v = v;) could have been used instead. Also, if 
the given function a(¢) contains an unknown constant (for example, the constant 
k if a = kt), you will first have to determine that constant by substituting a set of 
known values of t and a in the equation defining a(t). 


3. Determining v(x) and x(f) for a given a(x). This is the second case consid- 
ered in Sec. 11.3. We again note that the lower limits of integration can be 
any known state (for example, x = x), v = v;). In addition, since v = v,,,. when 
a = 0, the positions where the maximum values of the velocity occur are easily 
determined by writing a(x) = 0 and solving for x. 


4. Determining v(x), v(f), and x(t) for a given a(v). This is the last case treated 
in Sec. 11.3; the appropriate solution techniques for problems of this type are 
illustrated in Sample Prob. 11.3. All of the general comments for the preceding 
cases once again apply. Note that Sample Prob. 11.3 provides a summary of how 
and when to use the equations v = dx/dt, a = dv/dt, and a = v dv/dx. 


PROBLEMS! 


11.1 The motion of a particle is defined by the relation x = 1.5t* — 
307 + 5t + 10, where x and ¢ are expressed in meters and sec- 
onds, respectively. Determine the position, the velocity, and the 
acceleration of the particle when t = 4 s. 


11.2 The motion of a particle is defined by the relation x = 124° — 
18¢? + 2t + 5, where x and ¢ are expressed in meters and sec- 
onds, respectively. Determine the position and the velocity when 
the acceleration of the particle is equal to zero. 


11.3 The motion of a particle is defined by the relation x = 3¢? — 3t? — 
30¢ + 8x, where x and ¢ are expressed in feet and seconds, 
respectively. Determine the time, the position, and the accelera- 
tion when v = 0. 


11.4 The motion of a particle is defined by the relation x = 6? — 
8 + 40 cos wt, where x and t are expressed in inches and seconds, 
respectively. Determine the position, the velocity, and the accelera- 
tion when t = 6s. 


11.5. The motion of a particle is defined by the relation x = 6t* — 28° — 
120° + 3t + 3, where x and ¢ are expressed in meters and seconds, 
respectively. Determine the time, the position, and the velocity 
when a = 0. 


11.6 The motion of a particle is defined by the relation x = ot? — 15t? + 
24t + 4, where x is expressed in meters and ¢ in seconds. Deter- 
mine (a) when the velocity is zero, (b) the position and the total 
distance traveled when the acceleration is zero. 


11.7 The motion of a particle is defined by the relation x = P- 6 - 
36t — 40, where x and ¢ are expressed in feet and seconds, respec- 
tively. Determine (a) when the velocity is zero, (b) the velocity, the 
acceleration, and the total distance traveled when x = 0. 


11.8 The motion of a particle is defined by the relation x = P-— 9 + 
24t — 8, where x and ¢ are expressed in inches and seconds, 
respectively. Determine (a) when the velocity is zero, (b) the posi- 
tion and the total distance traveled when the acceleration is zero. 


11.9 The acceleration of a particle is defined by the relation a = —8 m/s”. 
Knowing that x = 20 m when t = 4 s and that x = 4 m when 
v = 16 m/s, determine (a) the time when the velocity is zero, 
(b) the velocity and the total distance traveled when t = 11 s. 


11.10 The acceleration of a particle is directly proportional to the square 
of the time t. When t = 0, the particle is at x = 24 m. Knowing 
that at tf = 6 s, x = 96 m and v = 18 m/s, express x and v in 
terms of t. 


tAnswers to all problems set in straight type (such as 11.1) are given at the end of the 
book. Answers to problems with a number set in italic type (such as 11.7) are not given. 
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Fig. P11.19 
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11.12 


11.13 


11.14 


11.15 


11.16 


11.17 


11.18 


11.19 


The acceleration of a particle is directly proportional to the time t. 
Att = 0, the velocity of the particle is v = 16 in./s. Knowing that 
v = 15 in/s and that x = 20 in. when t = 1 s, determine the 
velocity, the position, and the total distance traveled when t = 7 s. 


The acceleration of a particle is defined by the relation a = ke’. 
(a) Knowing that v = —32 ft/s when t = 0 and that v = +32 ft/s 
when t = 4 s, determine the constant k. (b) Write the equations of 
motion, knowing also that x = 0 when t = 4 s. 


The acceleration of a particle is defined by the relation a = A — 6t", 
where A is a constant. At t = 0, the particle starts at x = 8 m with 
v = 0. Knowing that at t = 1 s, v = 30 m/s, determine (a) the 
times at which the velocity is zero, (b) the total distance traveled 
by the particle when ¢ = 5s. 


It is known that from t = 2 s to t = 10s the acceleration of a 
particle is inversely proportional to the cube of the time t. When 
t = 2s,v = —15 m/s, and when t = 10 s, v = 0.36 m/s. Knowing 
that the particle is twice as far from the origin when t = 2 s as it 
is when t = 10 s, determine (a) the position of the particle when 
t = 2s and when t = 10s, (b) the total distance traveled by the 
particle from t = 2s tot = 10s. 


The acceleration of a particle is defined by the relation a = —k/x. 
It has been experimentally determined that v = 15 ft/s when 
x = 0.6 ft and that vo = 9 ft/s when x = 1.2 ft. Determine 
(a) the velocity of the particle when x = 1.5 ft, (b) the position of 
the particle at which its velocity is zero. 


A particle starting from rest at x = 1 ft is accelerated so that its 
velocity doubles in magnitude between x = 2 ft and x = 8 ft. 
Knowing that the acceleration of the particle is defined by the 
relation a = k[x — (A/x)], determine the values of the constants A 
and k if the particle has a velocity of 29 ft/s when x = 16 ft. 


A particle oscillates between the points x = 40 mm and 
x = 160 mm with an acceleration a = k(100 — x), where a and x 
are expressed in mm/s” and mm, respectively, and k is a constant. 
The velocity of the particle is 18 mm/s when x = 100 mm and is 
zero at both x = 40 mm and x = 160 mm. Determine (a) the value 
of k, (b) the velocity when x = 120 mm. 


A particle starts from rest at the origin and is given an acceleration 
a = k/(x + 4)°, where a and x are expressed in m/s” and m, respec- 
tively, and k is a constant. Knowing that the velocity of the particle 
is 4 m/s when x = 8 m, determine (a) the value of k, (b) the posi- 
tion of the particle when v = 4.5 m/s, (c) the maximum velocity 
of the particle. 


A piece of electronic equipment that is surrounded by packing mate- 
rial is dropped so that it hits the ground with a speed of 4 m/s. After 
impact the equipment experiences an acceleration of a = —kx, 
where k is a constant and x is the compression of the packing mate- 
rial. If the packing material experiences a maximum compression of 
20 mm, determine the maximum acceleration of the equipment. 


11.20 


11.21 


11.22 


11.23 


11.24 


11.25 


11.26 


11.27 


11.28 


Based on experimental observations, the acceleration of a particle 
is defined by the relation a = —(0.1 + sin x/b), where a and x are 
expressed in m/s” and meters, respectively. Knowing that 
b = 0.8 m and that v = 1 m/s when x = 0, determine (a) the 
velocity of the particle when x = —1 m, (b) the position where the 
velocity is maximum, (c) the maximum velocity. 


Starting from x = 0 with no initial velocity, a particle is given an 
acceleration a = 0.8V v2 + 49, where a and wv are expressed in 
m/s” and m/s, respectively. Determine (a) the position of the particle 
when v = 24 m/s, (b) the speed of the particle when x = 40 m. 


The acceleration of a particle is defined by the relationa = —kvVo, 
where k is a constant. Knowing that x = 0 and v = 81 m/s at 
t = 0 and that v = 36 m/s when x = 18 m, determine (a) the 
velocity of the particle when x = 20 m, (b) the time required for 
the particle to come to rest. 


The acceleration of a particle is defined by the relation a = —0.8v 
where a is expressed in in/s” and v in in//s. Knowing that at ¢ = 0 
the velocity is 40 in./s, determine (a) the distance the particle will 
travel before coming to rest, (b) the time required for the particle 
to come to rest, (c) the time required for the particle to be reduced 
by 50 percent of its initial value. 


A bowling ball is dropped from a boat so that it strikes the surface 
of a lake with a speed of 25 ft/s. Assuming the ball experiences a 
downward acceleration of a = 10 — 0.9v7 when in the water, deter- 
mine the velocity of the ball when it strikes the bottom of the 
lake. 


The acceleration of a particle is defined by the relation a = 0.4(1 — 
kv), where k is a constant. Knowing that at t = 0 the particle starts 
from rest at x = 4 m and that when t = 15s, v = 4 m/s, determine 
(a) the constant k, (b) the position of the particle when v = 6 m/s, 
(c) the maximum velocity of the particle. 


A particle is projected to the right from the position x = 0 with 
an initial velocity of 9 m/s. If the acceleration of the particle is 
defined by the relation a = —(.6v>”, where a and v are expressed 
in m/s? and m/s, respectively, determine (a) the distance the parti- 
cle will have traveled when its velocity is 4 m/s, (b) the time when 
v = 1 m/s, (c) the time required for the particle to travel 6 m. 


Based on observations, the speed of a jogger can be approximated 
by the relation v = 7.5(1 — 0.04x)°?, where v and x are expressed 
in mi/h and miles, respectively. Knowing that x = 0 at t = 0, deter- 
mine (a) the distance the jogger has run when t = 1 h, (b) the jogger’s 
acceleration in ft/s” at t = 0, (c) the time required for the jogger to 
run 6 mi. 


Experimental data indicate that in a region downstream of a given 
louvered supply vent the velocity of the emitted air is defined by 
v = 0.18v9/x, where v and x are expressed in m/s and meters, respec- 
tively, and vo is the initial discharge velocity of the air. For vy = 
3.6 m/s, determine (a) the acceleration of the air at x = 2 m, (b) the 
time required for the air to flow from x = | tox = 3m. 


Fig. P11.24 


Fig. P11.27 
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11.29 The acceleration due to gravity at an altitude y above the surface 


11.30 


11.31 


11.32 


11.4 


of the earth can be expressed as 


—32.2 
[1 + (y/20.9 x 10°)]? 


where a and y are expressed in ft/s? and feet, respectively. Using 
this expression, compute the height reached by a projectile fired 
vertically upward from the surface of the earth if its initial velocity 
is (a) 1800 ft/s, (b) 3000 ft/s, (c) 36,700 ft/s. 


The acceleration due to gravity of a particle falling toward the 
earth is a = —gR’/r’, where r is the distance from the center of 
the earth to the particle, R is the radius of the earth, and g is 
the acceleration due to gravity at the surface of the earth. If 
R = 3960 mi, calculate the escape velocity, that is, the minimum 
velocity with which a particle must be projected vertically upward 
from the surface of the earth if it is not to return to the earth. 
(Hint: v = 0 for r = ~.) 


The velocity of a particle is v = vgl1 — sin(at/T)]. Knowing that 
the particle starts from the origin with an initial velocity vo, deter- 
mine (a) its position and its acceleration at ¢ = 3T, (b) its average 
velocity during the interval ¢ = 0 to t = T. 


The velocity of a slider is defined by the relation v = 
v'sin(w,t + ). Denoting the velocity and the position of the 
slider at t = 0 by vo and xo, respectively, and knowing that the 
maximum displacement of the slider is 2x9, show that (a) v' = 
(vg + x§@2)/2x9w,, (b) the maximum value of the velocity occurs 


when x = x13 — (vo/xo@,)"|/2. 


UNIFORM RECTILINEAR MOTION 


Uniform rectilinear motion is a type of straight-line motion which is 
frequently encountered in practical applications. In this motion, the 
acceleration a of the particle is zero for every value of t. The velocity 
v is therefore constant, and Eq. (11.1) becomes 


dx _ 
dt 


v = constant 


The position coordinate x is obtained by integrating this equation. 
Denoting by xo the initial value of x, we write 


dv 


Xo 


t 
o| dt 
0 


x —X9 = vt 


(11.5) 


This equation can be used only if the velocity of the particle is known 
to be constant. 


11.5 UNIFORMLY ACCELERATED RECTILINEAR MOTION 


Uniformly accelerated rectilinear motion is another common type of 
motion. In this motion, the acceleration a of the particle is constant, 
and Eq. (11.2) becomes 
do _ 
dt 
The velocity v of the particle is obtained by integrating this 
equation: 


a = constant 


v0 = vo + at (11.6) 


where vp is the initial velocity. Substituting for v in (11.1), we write 


dx 
dt 
Denoting by xo the initial value of x and integrating, we have 


x t 
| dx = | (v9 + at) dt 
0 


Xo 


= Uo + at 


X—Xq = Uot + sat” 
x = x9 + vot + fat? (11.7) 


We can also use Eq. (11.4) and write 


v—— = a = constant 
odv =adx 


Integrating both sides, we obtain 


3 

Q 

S 
II 


a | dx 
vo Xo 


— v9) = a(x — Xp) 
Ao 
O =o + Lalx — xo) (11.8) 


The three equations we have derived provide useful relations 
among position coordinate, velocity, and time in the case of a uni- 
formly accelerated motion, as soon as appropriate values have been 
substituted for a, vp, and xp. The origin O of the x axis should first 
be defined and a positive direction chosen along the axis; this direc- 
tion will be used to determine the signs of a, vp, and x9. Equation 
(11.6) relates v and t and should be used when the value of v corre- 
sponding to a given value of t is desired, or inversely. Equation (11.7) 
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Fig. 11.7 
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Photo 11.2 Multiple cables and pulleys are 
used by this shipyard crane. 


ny 


relates x and t; Eq. (11.8) relates v and x. An important application 
of uniformly accelerated motion is the motion of a freely falling body. 
The acceleration of a freely falling body (usually denoted by g) is 
equal to 9.81 m/s” or 32.2 ft/s”. 

It is important to keep in mind that the three equations above 
can be used only when the acceleration of the particle is known to 
be constant. If the acceleration of the particle is variable, its motion 
should be determined from the fundamental equations (11.1) to 
(11.4) according to the methods outlined in Sec. 11.3. 


11.6 MOTION OF SEVERAL PARTICLES 


When several particles move independently along the same line, 
independent equations of motion can be written for each particle. 
Whenever possible, time should be recorded from the same initial 
instant for all particles, and displacements should be measured from 
the same origin and in the same direction. In other words, a single 
clock and a single measuring tape should be used. 


Relative Motion of Two Particles. Consider two particles A and 
B moving along the same straight line (Fig. 11.7). If the position 
coordinates x, and xg are measured from the same origin, the dif- 
ference xz — x, defines the relative position coordinate of B with 
respect to A and is denoted by xg,4. We write 


XB/A — Xp — Xa or Xp — XA Te XB/A (11.9) 


Regardless of the positions of A and B with respect to the origin, a 
positive sign for xg,, means that B is to the right of A, and a negative 
sign means that B is to the left of A. 

The rate of change of xg, is known as the relative velocity of 
B with respect to A and is denoted by vg,4. Differentiating (11.9), 
we write 


Upsa — Up — VA or Oe ae ON ar UB/A (11.10) 


A positive sign for vg/, means that B is observed from A to move in 
the positive direction; a negative sign means that it is observed to 
move in the negative direction. 

The rate of change of vg,, is known as the relative acceleration 
of B with respect to A and is denoted by ag,,. Differentiating (11.10), 
we obtaint 


apa — Gg — da or Gp = On = Gan (11.11) 


tNote that the product of the subscripts A and B/A used in the right-hand member of 
Eqs. (11.9), (11.10), and (11.11) is equal to the subscript B used in their left-hand member. 


Dependent Motions. Sometimes, the position of a particle will 
depend upon the position of another particle or of several other 
particles. The motions are then said to be dependent. For example, 
the position of block B in Fig. 11.8 depends upon the position of 
block A. Since the rope ACDEFG is of constant length, and since 
the lengths of the portions of rope CD and EF wrapped around the 
pulleys remain constant, it follows that the sum of the lengths of the 
segments AC, DE, and FG is constant. Observing that the length of 
the segment AC differs from x, only by a constant and that, similarly, 
the lengths of the segments DE and FG differ from xg only by a 
constant, we write 
x4 + 2xz = constant 


Since only one of the two coordinates x4 and xg can be chosen arbi- 
trarily, we say that the system shown in Fig. 11.8 has one degree of 
freedom. From the relation between the position coordinates x, and 
xg, it follows that if x4 is given an increment Axg, that is, if block A 
is lowered by an amount Ax,, the coordinate xg will receive an incre- 
ment Axg = —3Ax,. In other words, block B will rise by half the 
same amount; this can easily be checked directly from Fig. 11.8. 


Fig. 11.9 


In the case of the three blocks of Fig. 11.9, we can again 
observe that the length of the rope which passes over the pulleys is 
constant, and thus the following relation must be satisfied by the 
position coordinates of the three blocks: 


2x4 + 2xg + xc = constant 


Since two of the coordinates can be chosen arbitrarily, we say that 
the system shown in Fig. 11.9 has two degrees of freedom. 

When the relation existing between the position coordinates of 
several particles is linear, a similar relation holds between the veloci- 
ties and between the accelerations of the particles. In the case of the 
blocks of Fig. 11.9, for instance, we differentiate twice the equation 
obtained and write 


dx dx dxc 

2, a + 2 : t a =0 or Qv4 2vR 0G = 0 
dv dw d 

2 + 2 = ae 0 or 2a4 + 2anp + ac = 0 
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Up = 18 m/s 
10) 
a = —9.81 m/s? 


Yo= 12m 


Up = 2m/s 


10) 
Yyo= om 


SAMPLE PROBLEM 11.4 


A ball is thrown vertically upward from the 12-m level in an elevator shaft 
with an initial velocity of 18 m/s. At the same instant an open-platform ele- 
vator passes the 5-m level, moving upward with a constant velocity of 2 m/s. 
Determine (a) when and where the ball will hit the elevator, (b) the relative 
velocity of the ball with respect to the elevator when the ball hits the 
elevator. 


SOLUTION 


Motion of Ball. Since the ball has a constant acceleration, its motion is 
uniformly accelerated. Placing the origin O of the y axis at ground level and 
choosing its positive direction upward, we find that the initial position is 
Yo = +12 m, the initial velocity is uv) = +18 m/s, and the acceleration is 


a = —9.81 m/s”. Substituting these values in the equations for uniformly 
accelerated motion, we write 
Ug = Uo + at vg = 18 — 9.81t (1) 


12 + 18t — 4.905¢” (2) 


Yx=Yyot vot + zat = -yp 


Motion of Elevator. Since the elevator has a constant velocity, its motion 
is uniform. Again placing the origin O at the ground level and choosing the 
positive direction upward, we note that yy) = +5 m and write 
Up = +2 m/s (3) 
Yr = Yo + Ugt Yn = 5 + 2 (4) 


Ball Hits Elevator. We first note that the same time t and the same origin 
O were used in writing the equations of motion of both the ball and the 
elevator. We see from the figure that when the ball hits the elevator, 

Ye = YB (5) 
Substituting for yg and yz from (2) and (4) into (5), we have 


5 + 2% = 12 + 18t — 4.90527 
¢t = —0.39 s and f= Bibbs = 


Only the root t = 3.65 s corresponds to a time after the motion has begun. 
Substituting this value into (4), we have 


Yp = 5 + 2(3.65) = 12.30 m 
Elevation from ground = 12.30m << 


The relative velocity of the ball with respect to the elevator is 
Une = Ug — Ug = (18 — 9.81t) — 2 = 16 — 9.81¢ 
When the ball hits the elevator at time t = 3.65 s, we have 
Ope = 16 — 9.81(3.65) Opn = —19.8l1 m/s <q 


The negative sign means that the ball is observed from the elevator to be 
moving in the negative sense (downward). 


SAMPLE PROBLEM 11.5 


Collar A and block B are connected by a cable passing over three pulleys 
C, D, and E as shown. Pulleys C and E are fixed, while D is attached to a 
collar which is pulled downward with a constant velocity of 3 in/s. Att = 0, 
collar A starts moving downward from position K with a constant accelera- 
tion and no initial velocity. Knowing that the velocity of collar A is 12 in./s 
as it passes through point L, determine the change in elevation, the velocity, 
and the acceleration of block B when collar A passes through L. 


SOLUTION 


Motion of Collar A. We place the origin O at the upper horizontal sur- 
face and choose the positive direction downward. We observe that when 
t = 0, collar A is at the position K and (v,)y = 0. Since va = 12 in//s 
and x4 — (x4)o = 8 in. when the collar passes through L, we write 


va = (va)o + 2aglea — (xa)ol (12)? = 0 + 2a,(8) 
a, = 9 in/s” 


The time at which collar A reaches point L is obtained by writing 
Va = (va)o + aagt 12 = 0 + 9 t = 1.333 s 
Motion of Pulley D. Recalling that the positive direction is downward, 
we write 
a=0 w=8in/s xp = (Kp) + vpt = py) + 3t 
When collar A reaches L, at t = 1.333 s, we have 
Xp = (xp)o + 3(1.333) = (xp)o + 4 


Thus, abi) = (xp)o = 4 in. 


Motion of Block B. We note that the total length of cable ACDEB differs 
from the quantity (x, + 2xp + xg) only by a constant. Since the cable length 
is constant during the motion, this quantity must also remain constant. Thus, 
considering the times ¢ = 0 and t = 1.333 s, we write 
Xa + 2xp + xp = (x4)o + 2XD)o + (xp)o (1) 
[xa — (aol + 2lxp — (xp)o] + [xz — Wa)o] = 0 (2) 
But we know that x4 — (xq4)o = 8 in. and xp — (xp)o = 4 in.; substituting 
these values in (2), we find 


8 + 2(4) + [xp (xg)o] = 0 oye = (xp)o = —16 in. 
Thus: Change in elevation of B= 16in.t << 


Differentiating (1) twice, we obtain equations relating the velocities and the 
accelerations of A, B, and D. Substituting for the velocities and accelerations 
of A and D at t = 1.333 s, we have 


VA 2Qvp ht — 0: IBA se 2(3) ete y= 0 
vz = —18 in//s vg = 18in/s? < 
aa 2ap an 0: 9+ 2(0) ag ag 0 

dg = —9 in/s* dz =Q9in/s*? << 
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SOLVING PROBLEMS 
JN TOUR TOWN 


L. this lesson we derived the equations that describe uniform rectilinear motion 
(constant velocity) and uniformly accelerated rectilinear motion (constant accel- 
eration). We also introduced the concept of relative motion. The equations for 
relative motion [Eqs. (11.9) to (11.11)] can be applied to the independent or 
dependent motions of any two particles moving along the same straight line. 


A. Independent motion of one or more particles. The solution of problems of 
this type should be organized as follows: 


1. Begin your solution by listing the given information, sketching the system, and 
selecting the origin and the positive direction of the coordinate axis [Sample 
Prob. 11.4]. It is always advantageous to have a visual representation of problems 


of this type. 


2. Write the equations that describe the motions of the various particles as 
well as those that describe how these motions are related [Eq. (5) of Sample 
Prob. 11.4]. 


3. Define the initial conditions, i.e., specify the state of the system corresponding 
to t = 0. This is especially important if the motions of the particles begin at dif- 
ferent times. In such cases, either of two approaches can be used. 

a. Let t = 0 be the time when the last particle begins to move. You must then 
determine the initial position x9 and the initial velocity vg of each of the other 
particles. 

b. Let t = 0 be the time when the first particle begins to move. You must 
then, in each of the equations describing the motion of another particle, replace 
t with t — to, where to is the time at which that specific particle begins to move. 
It is important to recognize that the equations obtained in this way are valid only 
for t = to. 


B. Dependent motion of two or more particles. In problems of this type the 
particles of the system are connected to each other, typically by ropes or by cables. 
The method of solution of these problems is similar to that of the preceding group 
of problems, except that it will now be necessary to describe the physical connec- 
tions between the particles. In the following problems, the connection is provided 
by one or more cables. For each cable, you will have to write equations similar to 
the last three equations of Sec. 11.6. We suggest that you use the following 
procedure: 


1. Draw a sketch of the system and select a coordinate system, indicating 
clearly a positive sense for each of the coordinate axes. For example, in Sample 
Prob. 11.5 lengths are measured downward from the upper horizontal support. It 
thus follows that those displacements, velocities, and accelerations which have 
positive values are directed downward. 


2. Write the equation describing the constraint imposed by each cable on the 
motion of the particles involved. Differentiating this equation twice, you will obtain 
the corresponding relations among velocities and accelerations. 


3. If several directions of motion are involved, you must select a coordinate 
axis and a positive sense for each of these directions. You should also try to locate 
the origins of your coordinate axes so that the equations of constraints will be as 
simple as possible. For example, in Sample Prob. 11.5 it is easier to define the 
various coordinates by measuring them downward from the upper support than 
by measuring them upward from the bottom support. 


Finally, keep in mind that the method of analysis described in this lesson and 
the corresponding equations can be used only for particles moving with uniform 
or uniformly accelerated rectilinear motion. 
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A motorist enters a freeway at 45 km/h and accelerates uniformly 
to 99 km/h. From the odometer in the car, the motorist knows 
that she traveled 0.2 km while accelerating. Determine (a) the 
acceleration of the car, (b) the time required to reach 99 km/h. 


A truck travels 220 m in 10 s while being decelerated at a constant 
rate of 0.6 m/s”. Determine (a) its initial velocity, (b) its final veloc- 
ity, (c) the distance traveled during the first 1.5 s. 


Fig. P11.34 


Assuming a uniform acceleration of 11 ft/s? and knowing that the 
speed of a car as it passes A is 30 mi/h, determine (a) the time 
required for the car to reach B, (b) the speed of the car as it 
passes B. 


Fig. P11.35 


A group of students launches a model rocket in the vertical direc- 
tion. Based on tracking data, they determine that the altitude of 
the rocket was 89.6 ft at the end of the powered portion of the 
flight and that the rocket landed 16 s later. Knowing that the 
descent parachute failed to deploy so that the rocket fell freely 
to the ground after reaching its maximum altitude and assuming 
that g = 32.2 ft/s*, determine (a) the speed v, of the rocket at 
the end of powered flight, (b) the maximum altitude reached by 
the rocket. 


A sprinter in a 100-m race accelerates uniformly for the first 35 m 
and then runs with constant velocity. If the sprinter’s time for the 
first 35 m is 5.4 s, determine (a) his acceleration, (b) his final 
velocity, (c) his time for the race. 


11.38 A small package is released from rest at A and moves along the Problems 695 
skate wheel conveyor ABCD. The package has a uniform accelera- 
tion of 4.8 m/s? as it moves down sections AB and CD, and its 
velocity is constant between B and C. If the velocity of the package 
at D is 7.2 m/s, determine (a) the distance d between C and D, 
(b) the time required for the package to reach D. 


Fig. P11.38 


11.39 A police officer in a patrol car parked in a 70 km/h speed zone 
observes a passing automobile traveling at a slow, constant speed. 
Believing that the driver of the automobile might be intoxicated, 
the officer starts his car, accelerates uniformly to 90 km/h in 8 s, 
and, maintaining a constant velocity of 90 km/h, overtakes the 
motorist 42 s after the automobile passed him. Knowing that 18 s 
elapsed before the officer began pursuing the motorist, determine 
(a) the distance the officer traveled before overtaking the motorist, 
(b) the motorist’s speed. 


11.40 As relay runner A enters the 20-m-long exchange zone with a 
speed of 12.9 m/s, he begins to slow down. He hands the baton to 
runner B 1,82 s later as they leave the exchange zone with the 
same velocity. Determine (a) the uniform acceleration of each of 
the runners, (b) when runner B should begin to run. 


(vq) = 12.9 m/s 
——— 


Fig. P11.40 
(v4)9 = 24 mi/h (vg)y = 36 mi/h 
A B 


11.41 Automobiles A and B are traveling in adjacent highway lanes and 
at t = 0 have the positions and speeds shown. Knowing that 
automobile A has a constant acceleration of 1.8 ft/s” and that B 
has a constant deceleration of 1.2 ft/s”, determine (a) when and 
where A will overtake B, (b) the speed of each automobile at 
that time. Fig. P11.41 
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11.42 In a boat race, boat A is leading boat B by 120 ft and both boats 
are traveling at a constant speed of 105 mi/h. At t = 0, the boats 
accelerate at constant rates. Knowing that when B passes A,t = 8s 
and vw, = 135 mi/h, determine (a) the acceleration of A, (Db) the 
acceleration of B. 


Fig. P11.42 


11.43 Boxes are placed on a chute at uniform intervals of time tz and 
slide down the chute with uniform acceleration. Knowing that as 
any box B is released, the preceding box A has already slid 6 m 
and that 1 s later they are 10 m apart, determine (a) the value of 
tp, (b) the acceleration of the boxes. 


——— 


Fig. P11.43 


11.44 Two automobiles A and B are approaching each other in adjacent 
highway lanes. Att = 0, A and B are 1 km apart, their speeds are 
va = 108 km/h and vg = 63 km/h, and they are at points P and 
Q, respectively. Knowing that A passes point Q 40 s after B was 
there and that B passes point P 42 s after A was there, determine 
(a) the uniform accelerations of A and B, (b) when the vehicles 
pass each other, (c) the speed of B at that time. 


v4 = 108 km/h vg = 63 km/h 
——= Ss 


Fig. P11.44 


11.45 Car A is parked along the northbound lane of a highway, and car B Problems 627 

is traveling in the southbound lane at a constant speed of 60 mi/h. 
At t = 0, A starts and accelerates at a constant rate a4, while at 
t = 5 s, B begins to slow down with a constant deceleration of 
magnitude a,/6. Knowing that when the cars pass each other x = 
294 ft and v, = vg, determine (a) the acceleration a4, (b) when 
the vehicles pass each other, (c) the distance d between the vehicles 
att = 0. 


si lial 0 = 60 mi/h 


~< d >| 
Fig. P11.45 


11.46 Two blocks A and B are placed on an incline as shown. At t = 0, 
A is projected up the incline with an initial velocity of 27 ft/s and 
B is released from rest. The blocks pass each other 1 s later, and 
B reaches the bottom of the incline when t = 3.4 s. Knowing that 
the maximum distance from the bottom of the incline reached by 
block A is 21 ft and that the accelerations of A and B (due to 
gravity and friction) are constant and are directed down the 
incline, determine (a) the accelerations of A and B, (b) the dis- 
tance d, (c) the speed of A when the blocks pass each other. 


(v4 


)o = 27 ft/s 


Fig. P11.46 


11.47 Slider block A moves to the left with a constant velocity of 6 m/s. 
Determine (a) the velocity of block B, (b) the velocity of portion 
D of the cable, (c) the relative velocity of portion C of the cable 
with respect to portion D. 


11.48 Block B starts from rest and moves downward with a constant 
acceleration. Knowing that after slider block A has moved 
400 mm its velocity is 4 m/s, determine (a) the accelerations 
of A and B, (b) the velocity and the change in position of B 
after 2 s. Fig. P11.47 and P11.48 


628 Kinematics of Particles 11.49 The elevator shown in the figure moves downward with a constant 
velocity of 15 ft/s. Determine (a) the velocity of the cable C, (b) the 
velocity of the counterweight W, (c) the relative velocity of the cable 
C with respect to the elevator, (d) the relative velocity of the coun- 
terweight W with respect to the elevator. 


Fig. P11.49 and P11.50 


11.50 The elevator shown starts from rest and moves upward with a con- 
stant acceleration. If the counterweight W moves through 30 ft in 
5 s, determine (a) the acceleration of the elevator and the cable 
C, (b) the velocity of the elevator after 5 s. 


11.51 Collar A starts from rest and moves upward with a constant accelera- 
tion. Knowing that after 8 s the relative velocity of collar B with 
respect to collar A is 24 in./s, determine (a) the accelerations of A 
and B, (b) the velocity and the change in position of B after 6 s. 


11.52 In the position shown, collar B moves downward with a velocity of 

12 in./s. Determine (a) the velocity of collar A, (b) the velocity of 
Fig. P11.51 portion C of the cable, (c) the relative velocity of portion C of the 
and P11.52 cable with respect to collar B. 


11.53 Slider block B moves to the right with a constant velocity of 
300 mm/s. Determine (a) the velocity of slider block A, (b) the 
velocity of portion C of the cable, (c) the velocity of portion D 
of the cable, (d) the relative velocity of portion C of the cable with 
respect to slider block A. 


Fig. P11.53 and P11.54 


11.54 At the instant shown, slider block B is moving with a constant 
acceleration, and its speed is 150 mm/s. Knowing that after slider 
block A has moved 240 mm to the right its velocity is 60 mm/s, 
determine (a) the accelerations of A and B, (b) the acceleration of 
portion D of the cable, (c) the velocity and the change in position 
of slider block B after 4 s. 


11.55 


11.56 


11.57 


11.58 


11.59 
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Block B moves downward with a constant velocity of 20 mm/s. At 
t = 0, block A is moving upward with a constant acceleration, and 
its velocity is 30 mm/s. Knowing that at t = 3 s slider block C has 
moved 57 mm to the right, determine (a) the velocity of slider 
block C at t = 0, (b) the accelerations of A and C, (c) the change 
in position of block A after 5 s. 


Fig. P11.55 and P11.56 


Block B starts from rest, block A moves with a constant accelera- 
tion, and slider block C moves to the right with a constant accelera- 
tion of 75 mm/s”. Knowing that at t = 2 s the velocities of B and 
C are 480 mm/s downward and 280 mm/s to the right, respectively, 
determine (a) the accelerations of A and B, (b) the initial velocities 
of A and C, (c) the change in position of slider block C after 3 s. 


Collar A starts from rest at t = 0 and moves downward with a 
constant acceleration of 7 in./s”. Collar B moves upward with a 
constant acceleration, and its initial velocity is 8 in./s. Knowing that 
collar B moves through 20 in. between t = 0 and t = 2 s, deter- 
mine (a) the accelerations of collar B and block C, (b) the time at 
which the velocity of block C is zero, (c) the distance through 
which block C will have moved at that time. 


Collars A and B start from rest, and collar A moves upward with an 
acceleration of 3¢7 in./s”. Knowing that collar B moves downward 
with a constant acceleration and that its velocity is 8 in./s after mov- 
ing 32 in., determine (a) the acceleration of block C, (b) the distance 
through which block C will have moved after 3 s. 


The system shown starts from rest, and each component moves with 
a constant acceleration. If the relative acceleration of block C with 
respect to collar B is 60 mm/s" upward and the relative acceleration 
of block D with respect to block A is 110 mm/s” downward, deter- 
mine (a) the velocity of block C after 3 s, (b) the change in position 
of block D after 5 s. 


The system shown starts from rest, and the length of the upper 
cord is adjusted so that A, B, and C are initially at the same level. 
Each component moves with a constant acceleration, and after 2 s 
the relative change in position of block C with respect to block A 
is 280 mm upward. Knowing that when the relative velocity of 
collar B with respect to block A is 80 mm/s downward, the dis- 
placements of A and B are 160 mm downward and 320 mm down- 
ward, respectively, determine (a) the accelerations of A and B if 
az > 10 mm/s”, (b) the change in position of block D when the 
velocity of block C is 600 mm/s upward. 


Fig. P11.59 and P11.60 
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*11.7, GRAPHICAL SOLUTION OF RECTILINEAR- 
MOTION PROBLEMS 


It was observed in Sec. 11.2 that the fundamental formulas 
dx dv 
~ dt ~ dt 
have a geometrical significance. The first formula expresses that the 


velocity at any instant is equal to the slope of the x—-¢ curve at the 
same instant (Fig. 11.10). The second formula expresses that the accel- 


o and a 


v0 a 


ty 


Fig. 11.10 


Fig. 11.11 


eration is equal to the slope of the v-t curve. These two properties 
can be used to determine graphically the v-t and a-t curves of a 
motion when the x—t curve is known. 

Integrating the two fundamental formulas from a time t, to a 
time ts, we write 


ty te 
Xo — Xy =| v dt and Vo — V} =| adt (11.12) 
ty ty 

The first formula expresses that the area measured under the v-t 
curve from tf to ty is equal to the change in x during that time inter- 
val (Fig. 11.11). Similarly, the second formula expresses that the area 
measured under the a-t curve from ft, to t, is equal to the change 
in v during that time interval. These two properties can be used to 
determine graphically the x-t curve of a motion when its v-t curve 
or its a—t curve is known (see Sample Prob. 11.6). 

Graphical solutions are particularly useful when the motion con- 
sidered is defined from experimental data and when x, v, and a are 
not analytical functions of t. They can also be used to advantage when 
the motion consists of distinct parts and when its analysis requires 
writing a different equation for each of its parts. When using a graphi- 
cal solution, however, one should be careful to note that (1) the area 
under the v-t curve measures the change in x, not x itself, and simi- 
larly, that the area under the a—t curve measures the change in v; 
(2) an area above the t axis corresponds to an increase in x or v, while 
an area located below the t axis measures a decrease in x or v. 

It will be useful to remember in drawing motion curves that if 
the velocity is constant, it will be represented by a horizontal straight 
line; the position coordinate x will then be a linear function of ¢ and 
will be represented by an oblique straight line. If the acceleration is 


constant and different from zero, it will be represented by a hori- 11.8 Other Graphical Methods 63] 
zontal straight line; v will then be a linear function of t, represented 
by an oblique straight line, and x will be expressed as a second-degree 
polynomial in ¢, represented by a parabola. If the acceleration is a 
linear function of t, the velocity and the position coordinate will be 
equal, respectively, to second-degree and third-degree polynomials; 
a will then be represented by an oblique straight line, v by a parab- 
ola, and x by a cubic. In general, if the acceleration is a polynomial 
of degree n in t, the velocity will be a polynomial of degree n + 1 and 
the position coordinate a polynomial of degree n + 2; these polyno- 
mials are represented by motion curves of a corresponding degree. 


*11.8 OTHER GRAPHICAL METHODS b 


An alternative graphical solution can be used to determine the posi- 
tion of a particle at a given instant directly from the a-t curve. 
Denoting the values of x and v at t = 0 as xq and vp and their values 
at tf = t; as x; and v,, and observing that the area under the v-t 


curve can be divided into a rectangle of area vat; and horizontal dif- fil 
vo 
1, 


I< t; -t ——>| 


Oye 


ferential elements of area (ft; — t) du (Fig. 11.12a), we write 


v1 


Xx; — Xp = area under v-t curve = vot, + (t; — t) do 


v, 
0 O t t 
Substituting dv = a dt in the integral, we obtain 


ty 
X} — Xp = Voly +| (ty = t) a dt . 
0 


Referring to Fig. 11.12b, we note that the integral represents the 
first moment of the area under the a—t curve with respect to the line 
t = t, bounding the area on the right. This method of solution is 
known, therefore, as the moment-area method. If the abscissa # of 
the centroid C of the area is known, the position coordinate x, can 
be obtained by writing 


Xx, = Xp + vot; + (area under a—t curve)(t; — f) (11.13) 


If the area under the a—-t curve is a composite area, the last term 
in (11.13) can be obtained by multiplying each component area by 
the distance from its centroid to the line t = t,. Areas above the t 
axis should be considered as positive and areas below the ¢ axis as 
negative. v 

Another type of motion curve, the v-x curve, is sometimes used. 
If such a curve has been plotted (Fig. 11.13), the acceleration a can 
be obtained at any time by drawing the normal AC to the curve and 
measuring the subnormal BC. Indeed, observing that the angle between 
AC and AB is equal to the angle 6 between the horizontal and the 
tangent at A (the slope of which is tan 6 = dv/dx), we write 


dv 
BC = AB tan 6 = v— 
dx 


and thus, recalling formula (11.4), 


BC =a Fig. 11.13 


a(ft/s?) 


v (ft/s) 


x (ft) 
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34 40 t(s) 
I 
1512 ft 
| y 
6 10 34 40 t(s) 


SAMPLE PROBLEM 11.6 


A subway car leaves station A; it gains speed at the rate of 4 ft/s? for 6 s 
and then at the rate of 6 ft/s” until it has reached the speed of 48 ft/s. The 
car maintains the same speed until it approaches station B; brakes are then 
applied, giving the car a constant deceleration and bringing it to a stop in 
6 s. The total running time from A to B is 40 s. Draw the a-t, v-t, and x-t 
curves, and determine the distance between stations A and B. 


SOLUTION 


Acceleration-Time Curve. Since the acceleration is either constant or zero, 
the a-t curve is made of horizontal straight-line segments. The values of ty 
and a, are determined as follows: 


OH<% <= & Change in v = area under a-t curve 
vg — 0 = (6 s)(4 ft/s”) = 24 fis 
QO <h < ies Since the velocity increases from 24 to 48 ft/s, 


Change in v = area under a—t curve 
48 ft/s — 24 ft/s = (t. — 6)(6 ft/s") t= 10s 
in SES Bb Since the velocity is constant, the acceleration is zero. 
pul <p < Alp Change in v = area under a-t curve 
0 — 48 ft/s = (6s)a, ay = —8 fi/s” 


The acceleration being negative, the corresponding area is below the t axis; 
this area represents a decrease in velocity. 


Velocity-Time Curve. Since the acceleration is either constant or zero, the 
v-t curve is made of straight-line segments connecting the points deter- 
mined above. 


Change in x = area under v-t curve 


0<t<6: xg — 0 = $(6)(24) = 72 ft 
6<t< 10: Xyq — Xe = 3(4)(24 + 48) = 144 ft 
10 <t < 34: Xe4 — Xio = (24)(48) = 1152 ft 
34 <t < 40: X49 — Xgq = 5(6)(48) = 144 ft 


Adding the changes in x, we obtain the distance from A to B: 
d =x —0= 1512 ft 


Position-Time Curve. The points determined above should be joined by 
three arcs of parabola and one straight-line segment. In constructing the 
x-t curve, keep in mind that for any value of t the slope of the tangent to 
the x-t curve is equal to the value of v at that instant. 


SOLVING PROBLEMS 
JN TOUR OWN 


ik this lesson (Secs. 11.7 and 11.8), we reviewed and developed several graphical 
techniques for the solution of problems involving rectilinear motion. These tech- 
niques can be used to solve problems directly or to complement analytical methods 
of solution by providing a visual description, and thus a better understanding, of 
the motion of a given body. We suggest that you sketch one or more motion curves 
for several of the problems in this lesson, even if these problems are not part of 
your homework assignment. 


1. Drawing x-f, v-f, and a-t curves and applying graphical methods. The 
following properties were indicated in Sec. 11.7 and should be kept in mind as 
you use a graphical method of solution. 

a. The slopes of the x-t and v-t curves at a time f are respectively equal 
to the velocity and the acceleration at time t). 

b. The areas under the a-t and v-t curves between the times ft, and fy are 
respectively equal to the change Av in the velocity and to the change Av in the 
position coordinate during that time interval. 

c. If one of the motion curves is known, the fundamental properties we have 
summarized in paragraphs a and b will enable you to construct the other two 
curves. However, when using the properties of paragraph b, the velocity and the 
position coordinate at time t,; must be known in order to determine the velocity 
and the position coordinate at time f. Thus, in Sample Prob. 11.6, knowing that 
the initial value of the velocity was zero allowed us to find the velocity at t = 6 s: 
Ug = Up + Av = 0 + 24 ft/s = 24 ft/s. 


If you have previously studied the shear and bending-moment diagrams for a 
beam, you should recognize the analogy that exists between the three motion 
curves and the three diagrams representing respectively the distributed load, the 
shear, and the bending moment in the beam. Thus, any techniques that you learned 
regarding the construction of these diagrams can be applied when drawing the 
motion curves. 


2. Using approximate methods. When the a-t and v-t curves are not repre- 
sented by analytical functions or when they are based on experimental data, it is 
often necessary to use approximate methods to calculate the areas under these 
curves. In those cases, the given area is approximated by a series of rectangles of 
width At. The smaller the value of At, the smaller the error introduced by the 
approximation. The velocity and the position coordinate are obtained by writing 


DvD = Uo + Lave At xXx = Xo + Dave At 
where dye and Uy are the heights of an acceleration rectangle and a velocity 


rectangle, respectively. 


(continued ) 
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3. Applying the moment-area method. This graphical technique is used when 
the a-t curve is given and the change in the position coordinate is to be determined. 
We found in Sec. 11.8 that the position coordinate x; can be expressed as 


X1 = Xp + vot, + (area under a—t curve)(t, — f) (11.13) 


Keep in mind that when the area under the a-t curve is a composite area, the 
same value of t; should be used for computing the contribution of each of the 
component areas. 


4. Determining the acceleration from a v-x curve. You saw in Sec. 11.8 that 
it is possible to determine the acceleration from a v—x curve by direct measure- 
ment. It is important to note, however, that this method is applicable only if the 
same linear scale is used for the v and x axes (for example, 1 in. = 10 ft and 1 in. = 
10 ft/s). When this condition is not satisfied, the acceleration can still be deter- 
mined from the equation 

dv 


a= vu— 


dx 


where the slope dv/dx is obtained as follows: First, draw the tangent to the curve at 
the point of interest. Next, using appropriate scales, measure along that tangent cor- 
responding increments Ax and Av. The desired slope is equal to the ratio Av/Av. 


PROBLEMS 


11.61 A particle moves in a straight line with the acceleration shown in 
the figure. Knowing that it starts from the origin with vy = —18 ft/s, 
(a) plot the v-t and x-t curves for 0 < t < 20 s, (b) determine its 
velocity, its position, and the total distance traveled when t = 12 s. 


11.62 For the particle and motion of Problem 11.61, plot the v-t and x-t 
curves for 0 < t < 20s and determine (a) the maximum value of 
the velocity of the particle, (b) the maximum value of its position Fig, P11.61 
coordinate. 


11.63 A particle moves in a straight line with the velocity shown in the 
figure. Knowing that x = —540 ft at tf = 0, (@) construct the a-t 
and x-t curves for 0 < t < 50s, and determine (b) the total dis- 
tance traveled by the particle when t = 50 s, (c) the two times at 
which x = 0. 


wv (ft/s) 


-20 


Fig. P11.63 


11.64 A particle moves in a straight line with the velocity shown in the 
figure. Knowing that x = —540 ft at t = 0, (@ construct the a-t 
and x-t curves for 0 < t < 50 s, and determine (b) the maximum 
value of the position coordinate of the particle, (c) the values of t 
for which the particle is at x = 100 ft. 


11.65 A parachutist is in free fall at a rate of 200 km/h when he opens 
his parachute at an altitude of 600 m. Following a rapid and con- 
stant deceleration, he then descends at a constant rate of 50 km/h 
from 586 m to 30 m, where he maneuvers the parachute into the 
wind to further slow his descent. Knowing that the parachutist 
lands with a negligible downward velocity, determine (a) the time mo 
required for the parachutist to land after opening his parachute, 

(b) the initial deceleration. Fig. P11.65 


11.66 A machine component is spray-painted while it is mounted on a 
pallet that travels 4 m in 20 s. The pallet has an initial velocity of 
80 mm/s and can be accelerated at a maximum rate of 60 mm/s”. 
Knowing that the painting process requires 15 s to complete and 
is performed as the pallet moves with a constant speed, determine 
the smallest possible value of the maximum speed of the pallet. 


635 
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Fig. P11.67 


11.67 A temperature sensor is attached to slider AB which moves back 
and forth through 60 in. The maximum velocities of the slider are 
12 in./s to the right and 30 in./s to the left. When the slider is 
moving to the right, it accelerates and decelerates at a constant rate 
of 6 in./s’; when moving to the left, the slider accelerates and 
decelerates at a constant rate of 20 in./s”. Determine the time 
required for the slider to complete a full cycle, and construct the 
vo-t and x-t curves of its motion. 


11.68 A commuter train traveling at 40 mi/h is 3 mi from a station. The 
train then decelerates so that its speed is 20 mi/h when it is 0.5 mi 
from the station. Knowing that the train arrives at the station 
7.5 min after beginning to decelerate and assuming constant 
decelerations, determine (a) the time required for the train to 
travel the first 2.5 mi, (b) the speed of the train as it arrives at the 
station, (c) the final constant deceleration of the train. 


40 mi/h 


i 3 mi 


Fig. P11.68 


11.69 Two road rally checkpoints A and B are located on the same high- 
way and are 12 km apart. The speed limits for the first 8 km and 
the last 4 km of the section of highway are 100 km/h and 70 km/h, 
respectively. Drivers must stop at each checkpoint, and the speci- 
fied time between points A and B is 8 min 20 s. Knowing that a 
driver accelerates and decelerates at the same constant rate, deter- 
mine the magnitude of her acceleration if she travels at the speed 
limit as much as possible. 


A 


Cc 
Le 8 km Ix 4km >| 


Fig. P11.69 


11.70 In a water-tank test involving the launching of a small model boat, 
the model’s initial horizontal velocity is 6 m/s and its horizontal 
acceleration varies linearly from —12 m/s” at t = 0 to —2 m/s” at 
t = t, and then remains equal to —2 m/s” until ¢ = 1.4 s. Know- 
ing that v = 1.8 m/s when t = 1), determine (@) the value of ft), 
(b) the velocity and the position of the model at t = 1.4 s. 


Fig. P11.70 


11.71 A car and a truck are both traveling at the constant speed of 35 mi/h; 
the car is 40 ft behind the truck. The driver of the car wants to 
pass the truck, i.e., he wishes to place his car at B, 40 ft in front 
of the truck, and then resume the speed of 35 mi/h. The maximum 
acceleration of the car is 5 ft/s? and the maximum deceleration 
obtained by applying the brakes is 20 ft/s”. What is the shortest 
time in which the driver of the car can complete the passing opera- 
tion if he does not at any time exceed a speed of 50 mi/h? Draw 
the v-t curve. 


“ i AO ft i 50 ft i AO ft é 


16 ft 
Fig. P11.71 


11.72 Solve Prob. 11.71, assuming that the driver of the car does not pay 
any attention to the speed limit while passing and concentrates on 
reaching position B and resuming a speed of 35 mi/h in the short- 
est possible time. What is the maximum speed reached? Draw the 
v-—t curve. 


11.73 An elevator starts from rest and moves upward, accelerating at a 
rate of 1.2 m/s” until it reaches a speed of 7.8 m/s, which it then 
maintains. Two seconds after the elevator begins to move, a man 
standing 12 m above the initial position of the top of the elevator 
throws a ball upward with an initial velocity of 20 m/s. Determine 
when the ball will hit the elevator. 


11.74 The acceleration record shown was obtained for a small airplane 
traveling along a straight course. Knowing that x = 0 and v = 
60 m/s when t = 0, determine (a) the velocity and position of the 
plane at t = 20 s, (b) its average velocity during the interval 6 s < 
t<l4s. 


11.75 Car A is traveling on a highway at a constant speed (v,)o= 60 mi/h 
and is 380 ft from the entrance of an access ramp when car B 
enters the acceleration lane at that point at a speed (vg)y = 15 mi/h. 
Car B accelerates uniformly and enters the main traffic lane after 
traveling 200 ft in 5 s. It then continues to accelerate at the same 
rate until it reaches a speed of 60 mi/h, which it then maintains. 
Determine the final distance between the two cars. 


Fig. P11.75 


Fig. P11.73 
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Fig. P11.74 


Problems 637 


20 t(s) 


638 Kinematics of Particles 11.76 Car A is traveling at 40 mi/h when it enters a 30 mi/h speed zone. 
The driver of car A decelerates at a rate of 16 ft/s” until reaching a 
speed of 30 mi/h, which she then maintains. When car B, which 
was initially 60 ft behind car A and traveling at a constant speed of 
45 mi/h, enters the speed zone, its driver decelerates at a rate of 
20 ft/s? until reaching a speed of 28 mi/h. Knowing that the driver 
of car B maintains a speed of 28 mi/h, determine (a) the closest that 
car B comes to car A, (b) the time at which car A is 70 ft in front 
of car B. 


(vg)p = 45 mi/h (v,4)p = 40 mi/h 


. : i 


Fig. P11.76 


11.77 A car is traveling at a constant speed of 54 km/h when its driver 
sees a child run into the road. The driver applies her brakes until 
the child returns to the sidewalk and then accelerates to resume 
her original speed of 54 km/h; the acceleration record of the car 
is shown in the figure. Assuming x = 0 when t = 0, determine 
(a) the time f, at which the velocity is again 54 km/h, (b) the posi- 
tion of the car at that time, (c) the average velocity of the car 
during the interval 1 s = t = th. 


a(m/s2) 


Fig. P11.77 


11.78 As shown in the figure, from t = 0 to tf = 4s the acceleration of 
a given particle is represented by a parabola. Knowing that x = 0 
and v = 8 m/s when t = 0, (a) construct the v-t and x-t curves 
for 0 < t < 4s, (b) determine the position of the particle at 

Fig. P11.78 t = 3s. (Hint: Use table inside the front cover.) 


12 


11.79 During a manufacturing process, a conveyor belt starts from rest 
and travels a total of 1.2 ft before temporarily coming to rest. 
Knowing that the jerk, or rate of change of acceleration, is limited 
to +4.8 ft/s? per second, determine (a) the shortest time required 
for the belt to move 1.2 ft, (b) the maximum and average values of 
the velocity of the belt during that time. 


11.80 An airport shuttle train travels between two terminals that are 


11.81 


1.6 mi apart. To maintain passenger comfort, the acceleration of 
the train is limited to +4 ft/s”, and the jerk, or rate of change of 
acceleration, is limited to +0.8 ft/s” per second. If the shuttle has 
a maximum speed of 20 mi/h, determine (a) the shortest time for 
the shuttle to travel between the two terminals, (b) the corre- 
sponding average velocity of the shuttle. 


The acceleration record shown was obtained during the speed tri- 
als of a sports car. Knowing that the car starts from rest, determine 
by approximate means (a) the velocity of the car at t = 8s, (b) the 
distance the car has traveled at t = 20 s. 


a (m/s?) 


0 2 4 6 8 10 12 14 16 18 20 22 ~~ £(s) 
Fig. P11.81 


11.82 Two seconds are required to bring the piston rod of an air cylinder 


to rest; the acceleration record of the piston rod during the 2 s is 
as shown. Determine by approximate means (a) the initial velocity 
of the piston rod, (b) the distance traveled by the piston rod as it 
is brought to rest. 


—a (m/s?) 


4.0 


3.0 


2.0 


1.0 
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Fig. P11.82 
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640 Kinematics of Particles 11.83 A training airplane has a velocity of 126 ft/s when it lands on an 
aircraft carrier. As the arresting gear of the carrier brings the air- 
plane to rest, the velocity and the acceleration of the airplane are 
recorded; the results are shown (solid curve) in the figure. Deter- 
mine by approximate means (a) the time required for the airplane 
to come to rest, (b) the distance traveled in that time. 


—a (ft/s?) 


60 
50 
40 


0 20 40 60 80 100 120 140 v (ft/s) 
Fig. P11.83 


11.84 Shown in the figure is a portion of the experimentally determined 
v-x curve for a shuttle cart. Determine by approximate means the 
acceleration of the cart (a) when x = 10 in., (b) when v = 80 in./s. 


v (in./s) 


100 


80 [— 


60 


40 


20 


0 
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2) 
ae) Fig. P11.84 


60 
11.85 Using the method of Sec. 11.8, derive the formula x = x9 + vot + 


sat’ for the position coordinate of a particle in uniformly accelerated 
rectilinear motion. 


11.86 Using the method of Sec. 11.8, determine the position of the par- 
ticle of Prob. 11.61 when t = 14. 


11.87 While testing a new lifeboat, an accelerometer attached to the boat 
provides the record shown. If the boat has a velocity of 7.5 ft/s 
at t = 0 and is at rest at time t,, determine, using the method of 
Sec. 11.8, (a) the time f;, (b) the distance through which the boat 

Fig. P11.87 moves before coming to rest. 


11.88 For the particle of Prob. 11.63, draw the a-t curve and determine, 
using the method of Sec. 11.8, (a) the position of the particle when 
t = 52s, (b) the maximum value of its position coordinate. 
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11.9 POSITION VECTOR, VELOCITY, 
AND ACCELERATION 


When a particle moves along a curve other than a straight line, we say 
that the particle is in curvilinear motion. To define the position P occu- 
pied by the particle at a given time t, we select a fixed reference system, 
such as the x, y, z axes shown in Fig. 11.14a, and draw the vector r 
joining the origin O and point P. Since the vector r is characterized by its 
magnitude r and its direction with respect to the reference axes, it com- 
pletely defines the position of the particle with respect to those axes; the 
vector r is referred to as the position vector of the particle at time t. 

Consider now the vector r’ defining the position P’ occupied by 
the same particle at a later time ¢ + At. The vector Ar joining P and 
P' represents the change in the position vector during the time interval 
At since, as we can easily check from Fig. 11.14a, the vector r’ is 
obtained by adding the vectors r and Ar according to the triangle 
rule. We note that Ar represents a change in direction as well as a 
change in magnitude of the position vector r. The average velocity of 
the particle over the time interval At is defined as the quotient of Ar 
and At. Since Ar is a vector and At is a scalar, the quotient Ar/At is 
a vector attached at P, of the same direction as Ar and of magnitude 
equal to the magnitude of Ar divided by At (Fig. 11.14b). 

The instantaneous velocity of the particle at time t is obtained 
by choosing shorter and shorter time intervals At and, correspond- 
ingly, shorter and shorter vector increments Ar. The instantaneous 
velocity is thus represented by the vector 

Ar 


=" |i — 11.14 
ae re ae 


As At and Ar become shorter, the points P and P’ get closer; the 
vector v obtained in the limit must therefore be tangent to the path 
of the particle (Fig. 11.14c). 

Since the position vector r depends upon the time t, we can 
refer to it as a vector function of the scalar variable t and denote it 
by r(¢). Extending the concept of derivative of a scalar function intro- 
duced in elementary calculus, we will refer to the limit of the quo- 
tient Ar/At as the derivative of the vector function r(t). We write 


v=— (11.15) 


The magnitude v of the vector v is called the speed of the particle. 
It can be obtained by substituting for the vector Ar in formula (11.14) 
the magnitude of this vector represented by the straight-line segment 
PP’. But the length of the segment PP’ approaches the length As of 
the arc PP’ as At decreases (Fig. 11.14a), and we can write 


PP’ As 


>= li = lim — aes (11.16) 
— reer At pose At me dt , 
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The speed v can thus be obtained by differentiating with respect to ¢ 
the length s of the arc described by the particle. 

Consider the velocity v of the particle at time t and its velocity v’ 
at a later time ¢ + At (Fig. 11.15a). Let us draw both vectors v and v' 
from the same origin O' (Fig. 11.15b). The vector Av joining Q and 
Q’ represents the change in the velocity of the particle during the time 
interval At, since the vector v’ can be obtained by adding the vectors 
v and Av. We should note that Av represents a change in the direction 
of the velocity as well as a change in speed. The average acceleration 
of the particle over the time interval At is defined as the quotient of 
Av and At. Since Av is a vector and At a scalar, the quotient Avw/At is 
a vector of the same direction as Av. 

The instantaneous acceleration of the particle at time ¢ is 
obtained by choosing smaller and smaller values for At and Av. The 
instantaneous acceleration is thus represented by the vector 

Av 
a sity Ae ae 
Noting that the velocity v is a vector function v(t) of the time t, we 
can refer to the limit of the quotient Av/At as the derivative of v 
with respect to t. We write 


A= (11.18) 


We observe that the acceleration a is tangent to the curve 
described by the tip Q of the vector v when the latter is drawn from 
a fixed origin O’ (Fig. 11.15c) and that, in general, the acceleration 
is not tangent to the path of the particle (Fig. 11.15d). The curve 
described by the tip of v and shown in Fig. 11.15c is called the 
hodograph of the motion. 


11.10 DERIVATIVES OF VECTOR FUNCTIONS 


We saw in the preceding section that the velocity v of a particle in 
curvilinear motion can be represented by the derivative of the vector 
function r(¢) characterizing the position of the particle. Similarly, the 
acceleration a of the particle can be represented by the derivative 
of the vector function w(t). In this section, we will give a formal 
definition of the derivative of a vector function and establish a few 
rules governing the differentiation of sums and products of vector 
functions. 

Let P(u) be a vector function of the scalar variable u. By that we 
mean that the scalar u completely defines the magnitude and direction 
of the vector P. If the vector P is drawn from a fixed origin O and the 
scalar u is allowed to vary, the tip of P will describe a given curve in 
space. Consider the vectors P corresponding, respectively, to the values 
u andu + Au of the scalar variable (Fig. 11.16a). Let AP be the vector 
joining the tips of the two given vectors; we write 


AP = P(u + Au) — Plu) 
Dividing through by Aw and letting Au approach zero, we define the 
derivative of the vector function P(u): 


dP i AP i P(u + Au) — P(u) 
—= lim —= lim 
du hen 0 Au Sg 6 Au 


(11.19) 


As Au approaches zero, the line of action of AP becomes tangent 
to the curve of Fig. 11.16a. Thus, the derivative dP/du of the vector 
function P(u) is tangent to the curve described by the tip of P(u) 
(Fig. 11.16b). 

The standard rules for the differentiation of the sums and prod- 
ucts of scalar functions can be extended to vector functions. Consider 
first the sum of two vector functions P(u) and Q(u) of the same scalar 
variable uw. According to the definition given in (11.19), the derivative 
of the vector P + Q is 


de+Q)_, AP+Q)_, (5 
du ~ Wai Au ae cer Au Au 


or since the limit of a sum is equal to the sum of the limits of its terms, 


d(P + Q) AP. AQ 


= lim + lim 
du Au>o0 Au = Au>o Au 


d(P+Q) dP bs dQ 


du du du 


(11.20) 


The product of a scalar function f(u) and a vector function P(u) 
of the same scalar variable w will now be considered. The derivative 
of the vector f P is 


d(fP) .. fe Ape + AP) — 7 P (= ri ar) 


= lim = lim |——P —. 
du Au—0 Au Au—>o \ Au / Au 
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dP 
du 


P(u) 


Z (b) 
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or recalling the properties of the limits of sums and products, 


(11.21) 


The derivatives of the scalar product and the vector product of two 
vector functions P(w) and Q(u) can be obtained in a similar way. We 
have 


(11.22) 


(11.23)t 


The properties established above can be used to determine the 
rectangular components of the derivative of a vector function P(u). 
Resolving P into components along fixed rectangular axes x, y, z, we 
write 

P=Pit+P,j + Pk (11.24) 


where P,, P,, P; are the rectangular scalar components of the vector 
P, and i, j, k the unit vectors corresponding, respectively, to the x, y, 
and z axes (Sec. 2.12). By (11.20), the derivative of P is equal to the 
sum of the derivatives of the terms in the right-hand member. Since 
each of these terms is the product of a scalar and a vector function, 
we should use (11.21). But the unit vectors i, j, k have a constant 
magnitude (equal to 1) and fixed directions. Their derivatives are 
therefore zero, and we write 


(11.25) 


Noting that the coefficients of the unit vectors are, by definition, the 
scalar components of the vector dP/du, we conclude that the rectan- 
gular scalar components of the derivative dP/du of the vector func- 
tion P(u) are obtained by differentiating the corresponding scalar 
components of P. 


Rate of Change of a Vector. When the vector P is a function 
of the time f, its derivative dP/dt represents the rate of change of P 
with respect to the frame Oxyz. Resolving P into rectangular com- 
ponents, we have, by (11.25), 


dP 
de _ dP. 7 la 


dt = dt d dt 
or, using dots to indicate differentiation with respect to tf, 
P=Pi+Pj+Pk (11.25’) 


tSince the vector product is not commutative (Sec. 3.4), the order of the factors in 
Eq. (11.23) must be maintained. 


As you will see in Sec. 15.10, the rate of change of a vector as 
observed from a moving frame of reference is, in general, different 
from its rate of change as observed from a fixed frame of reference. 
However, if the moving frame O'’x'y'z’ is in translation, i.e., if its 
axes remain parallel to the corresponding axes of the fixed frame 
Oxyz (Fig. 11.17), the same unit vectors i, j, k are used in both 
frames, and at any given instant the vector P has the same compo- 
nents P,, P,, P. in both frames. It follows from (11.25’) that the rate of 
change P is the same with respect to the frames Oxyz and O'x'y'z’. 
We state, therefore: The rate of change of a vector is the same with 
respect to a fixed frame and with respect to a frame in translation. 
This property will greatly simplify our work, since we will be con- 
cerned mainly with frames in translation. 


11.11 RECTANGULAR COMPONENTS OF VELOCITY 
AND ACCELERATION 


When the position of a particle P is defined at any instant by its 
rectangular coordinates x, y, and z, it is convenient to resolve the 
velocity v and the acceleration a of the particle into rectangular com- 
ponents (Fig. 11.18). 

Resolving the position vector r of the particle into rectangular 
components, we write 


r=xi+ yj + zk (11.26) 


where the coordinates x, y, z are functions of t. Differentiating twice, 
we obtain 


_ dr 


ee ort ay 2k (11.27) 
Dee a ae 
ea : 


where x, y, 2 and x,y, represent, respectively, the first and second 
derivatives of x, y, and % with respect to t. It follows from (11.27) 
and (11.28) that the scalar components of the velocity and accelera- 
tion are 
UO, =X j= y 0, =2 (11.29) 
dy =X dy = y a,=2Z (11.30) 


A positive value for v, indicates that the vector component v, is 
directed to the right, and a negative value indicates that it is directed 
to the left. The sense of each of the other vector components can 
be determined in a similar way from the sign of the corresponding 
scalar component. If desired, the magnitudes and directions of the 
velocity and acceleration can be obtained from their scalar compo- 
nents by the methods of Secs. 2.7 and 2.12. 

The use of rectangular components to describe the position, 
the velocity, and the acceleration of a particle is particularly effective 
when the component a, of the acceleration depends only upon f, x, 
and/or v,, and when, similarly, dy depends only upon ¢, y, and/or Oy 


11.11 Rectangular Components of Velocity 
and Acceleration 


Fig. 11.17 
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Photo 11.3 The motion of this snowboarder in 
the air will be a parabola assuming we can 
neglect air resistance. 


(vyo 


(b) Equivalent rectilinear motions 


Fig. 11.19 


and a, upon t, z, and/or v,. Equations (11.30) can then be integrated 
independently, and so can Eqs. (11.29). In other words, the motion 
of the particle in the x direction, its motion in the y direction, and 
its motion in the z direction can be considered separately. 

In the case of the motion of a projectile, for example, it can be 
shown (see Sec. 12.5) that the components of the acceleration are 


if the resistance of the air is neglected. Denoting by xo, yo, and Zo 
the coordinates of a gun, and by (v,)o, (v,)o, and (v,)o the components 
of the initial velocity vo of the projectile (a bullet), we integrate twice 
in t and obtain 


vy = x= (vx)o vy = y = (vy)o = gt vz = a= (vz)o 
xX =X + (v,)ot Y = Yo + (vy)ot — set" Z = %q + (v,)ot 


If the projectile is fired in the xy plane from the origin O, we have 
Xo = Yo = % = O and (v.)o = 0, and the equations of motion 
reduce to 

Dy = (Vz)o by = (yo — gt i, 

x = (v;)ot y = (v,)ot — 3et" 


These equations show that the projectile remains in the xy plane, 
that its motion in the horizontal direction is uniform, and that its 
motion in the vertical direction is uniformly accelerated. The motion 
of a projectile can thus be replaced by two independent rectilinear 
motions, which are easily visualized if we assume that the projectile 
is fired vertically with an initial velocity (v,)o from a platform moving 
with a constant horizontal velocity (v,)o (Fig. 11.19). The coordinate 
x of the projectile is equal at any instant to the distance traveled by 
the platform, and its coordinate y can be computed as if the projec- 
tile were moving along a vertical line. 

It can be observed that the equations defining the coordinates 
x and y of a projectile at any instant are the parametric equations 
of a parabola. Thus, the trajectory of a projectile is parabolic. This 
result, however, ceases to be valid when the resistance of the air 
or the variation with altitude of the acceleration of gravity is taken 
into account. 


11.12 MOTION RELATIVE TO A FRAME 
IN TRANSLATION 


In the preceding section, a single frame of reference was used to 
describe the motion of a particle. In most cases this frame was 
attached to the earth and was considered as fixed. Situations in 
which it is convenient to use several frames of reference simultane- 
ously will now be analyzed. If one of the frames is attached to the 
earth, it will be called a fixed frame of reference, and the other 
frames will be referred to as moving frames of reference. It should 
be understood, however, that the selection of a fixed frame of refer- 
ence is purely arbitrary. Any frame can be designated as “fixed”; all 
other frames not rigidly attached to this frame will then be described 
as “moving.” 


Consider two particles A and B moving in space (Fig. 11.20); 
the vectors r, and rz define their positions at any given instant with 
respect to the fixed frame of reference Oxyz. Consider now a sys- 
tem of axes x’, y’, z’ centered at A and parallel to the x, y, z axes. 
While the origin of these axes moves, their orientation remains the 
same; the frame of reference Ax'y'z’ is in translation with respect 
to Oxyz. The vector rgj, joining A and B defines the position of B 
relative to the moving frame Ax'y'z' (or, for short, the position of 
B relative to A). 

We note from Fig. 11.20 that the position vector rz of particle B 
is the sum of the position vector r, of particle A and of the position 


vector rp/, of B relative to A; we write 
GB) ae DA ap IB/A (11.31) 


Differentiating (11.31) with respect to ¢ within the fixed frame of 
reference, and using dots to indicate time derivatives, we have 


rp = Tr, ae Tpya (11.32) 


The derivatives r4 and rg represent, respectively, the velocities v4 
and vz of the particles A and B. Since Ax’y’z' is in translation, the 
derivative rp, represents the rate of change of rg/4 with respect to 
the frame Ax’y'z’ as well as with respect to the fixed frame (Sec. 
11.10). This derivative, therefore, defines the velocity vp), of B rela- 
tive to the frame Ax'y'z' (or, for short, the velocity vg), of B relative 
to A). We write 


Vp — VA ele VB/A (11.33) 


Differentiating Eq. (11.33) with respect to t, and using the derivative 
Vpya to define the acceleration ag), of B relative to the frame Ax'y'z' 
(or, for short, the acceleration ag/, of B relative to A), we write 


agp a, ar ABA (11.34) 


The motion of B with respect to the fixed frame Oxyz is 
referred to as the absolute motion of B. The equations derived in 
this section show that the absolute motion of B can be obtained by 
combining the motion of A and the relative motion of B with respect 
to the moving frame attached to A. Equation (11.33), for example, 
expresses that the absolute velocity vz of particle B can be obtained 
by adding vectorially the velocity of A and the velocity of B relative 
to the frame Ax’y'z’. Equation (11.34) expresses a similar property 
in terms of the accelerations.t We should keep in mind, however, 
that the frame Ax'y'z' is in translation; that is, while it moves with A, 
it maintains the same orientation. As you will see later (Sec. 15.14), 
different relations must be used in the case of a rotating frame of 
reference. 


tNote that the product of the subscripts A and B/A used in the right-hand member of 
Eqs. (11.31) through (11.34) is equal to the subscript B used in their left-hand member. 
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in Translation 


Fig. 11.20 


Photo 11.4 The pilot of a helicopter must take 
into account the relative motion of the ship when 
landing. 


f pole SAMPLE PROBLEM 11.7 


C A projectile is fired from the edge of a 150-m cliff with an initial velocity 

of 180 m/s at an angle of 30° with the horizontal. Neglecting air resistance, 
find (a) the horizontal distance from the gun to the point where the pro- 
jectile strikes the ground, (b) the greatest elevation above the ground 
| reached by the projectile. 


SOLUTION 


The vertical and the horizontal motion will be considered separately. 


y 
| IF =—9.81 m/s2 


a 180 m/s Vertical Motion. Uniformly Accelerated Motion. Choosing the positive 


sense of the y axis upward and placing the origin O at the gun, we have 


(vy)o = (180 m/s) sin 30° = +90 m/s 


a = —9.81 m/s* 
2 Substituting into the equations of uniformly accelerated motion, we have 
Dy = (Oyig tat vy = 90 — 98lt (1) 
y = (vy)ot + gat? yy = 90t — 4.908" (2) 
v, = (vy)o + 2ay vy, = 8100 — 19.624 (3) 


Horizontal Motion. Uniform Motion. Choosing the positive sense of the 
x axis to the right, we have 


(v,)9 = (180 m/s) cos 30° = +155.9 m/s 
Substituting into the equation of uniform motion, we obtain 


x = (v,)ot x = 155.9¢ (4) 


a. Horizontal Distance. When the projectile strikes the ground, we have 
7 = S150 im 
Carrying this value into Eq. (2) for the vertical motion, we write 


—150 = 90t — 4.90¢7 # — 18.37 — 30.6 = 0 t= 1991s 


Carrying t = 19.91 s into Eq. (4) for the horizontal motion, we obtain 
x = 155.9(19.91) x=3100m <q 


b. Greatest Elevation. When the projectile reaches its greatest elevation, 
we have v, = 0; carrying this value into Eq. (3) for the vertical motion, 
we write 


0 = 8100 — 19.62y y = 413m 
Greatest elevation above ground = 150 m + 413m = 563m << 
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ae SAMPLE PROBLEM 11.8 


yh ees 
4 aye mA projectile is fired with an initial velocity of 800 ft/s at a target B located 
2000 ft above the gun A and at a horizontal distance of 12,000 ft. Neglecting 


air resistance, determine the value of the firing angle a. 


SOLUTION 


Vy = 800 ft/s a The horizontal and the vertical motion will be considered separately. 


Horizontal Motion. Placing the origin of the coordinate axes at the gun, 
we have 


(v,)o = 800 cos a 
Substituting into the equation of uniform horizontal motion, we obtain 
x = (v,)ot x = (800 cos a)t 


The time required for the projectile to move through a horizontal distance 
of 12,000 ft is obtained by setting x equal to 12,000 ft. 


12,000 = (800 cos a)t 
12,000 ih 


~ 800 cosa cosa 


Vertical Motion 
(v,)o = 800 sina a = —32.2 ft/s” 


Substituting into the equation of uniformly accelerated vertical motion, 
we obtain 


(v,)o = 800 sin @ 


y= (vy)ot dp sat" y = (800 sin a)t — 16.1¢7 


Projectile Hits Target. When x = 12,000 ft, we must have y = 2000 ft. 
Substituting for y and setting t equal to the value found above, we write 


1 1 \ 
Bue 16.1 2 ) 
a cos a@ 


2000 = 800 sin a 
cos 


Since 1/cos? a = sec? a = 1 + tan? a, we have 
2000 = 800(15) tan a — 16.1(157)(1 + tan? a) 
3622 tan? a — 12,000 tan a + 5622 = 0 
Solving this quadratic equation for tan a, we have 


tan a = 0.565 and tan a= 2175 
a = 29.5° and a= 70.0° << 


The target will be hit if either of these two firing angles is used (see figure). 
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10 m/s 


6 m/s 


ig? | 


AB/A 


SAMPLE PROBLEM 11.9 


Automobile A is traveling east at the constant speed of 36 kwn/h. As automobile 
A crosses the intersection shown, automobile B starts from rest 35 m north of 
the intersection and moves south with a constant acceleration of 1.2 m/s”. 
Determine the position, velocity, and acceleration of B relative to A 5 s after 
A crosses the intersection. 


SOLUTION 


We choose x and y axes with origin at the intersection of the two streets 
and with positive senses directed respectively east and north. 


Motion of Automobile A. First the speed is expressed in m/s: 


km \/ 1000 m lh 
13 =) 
A ( or V( in Vases) ee 


Noting that the motion of A is uniform, we write, for any time t, 


a, = 0 
va, = +10 m/s 
Xa = (xalo + vat = 0 + 10t 


For t = 5 s, we have 


ag = 0 YN 0 
v, = +10 m/s v, = 10 m/s > 
Xx, = +(10 m/s)(5 s) = +50 m r, = 50m—> 


Motion of Automobile B. We note that the motion of B is uniformly ac- 
celerated and write 


dg = —1.2 m/s” 
(hy (vg)o at = 0 LAG 
yp = (yp)o + (wp)ot 4 apt” = si) 4 0) 5(1.2)¢ 
For t = 5 s, we have 
dg = —1.2 m/s” ag = 1.2 m/s’ | 
vz = —(1.2 m/s”)(5 s) = —6 m/s vp = 6 m/s J 
yp = 35 — 3(1.2 m/s”)(5 s)> = +20 m rz = 20 m7 


Motion of B Relative to A. We draw the triangle corresponding to the vec- 
tor equation rg = r4 + rg, and obtain the magnitude and direction of the 
position vector of B relative to A. 


rpa = 93.9 m a = 21.8° rpa = 53.9m WS 218° 


Proceeding in a similar fashion, we find the velocity and acceleration of B 
relative to A. 
Va = Va + Vpya 
Up = 11.66 m/s B = 31.0° 


ap = ay + apa 


Vaya = 11.66 m/s & 31.0° <f 
aga = l2m/s?l < 


SOLVING PROBLEMS 
YN TOUR OWN 


ik the problems for this lesson, you will analyze the two- and three-dimensional 
motion of a particle. While the physical interpretations of the velocity and accel- 
eration are the same as in the first lessons of the chapter, you should remember 
that these quantities are vectors. In addition, you should understand from your 
experience with vectors in statics that it will often be advantageous to express 
position vectors, velocities, and accelerations in terms of their rectangular scalar 
components [Eqs. (11.27) and (11.28)]. Furthermore, given two vectors A and B, 
recall that A - B = 0 if A and B are perpendicular to each other, while A x B = 0 
if A and B are parallel. 


A. Analyzing the motion of a projectile. Many of the following problems deal 
with the two-dimensional motion of a projectile, where the resistance of the air 
can be neglected. In Sec. 11.11, we developed the equations which describe this 
type of motion, and we observed that the horizontal component of the velocity 
remained constant (uniform motion) while the vertical component of the accelera- 
tion was constant (uniformly accelerated motion). We were able to consider sepa- 
rately the horizontal and the vertical motions of the particle. Assuming that the 
projectile is fired from the origin, we can write the two equations 


x = (v,)ot y = (by)ot — age 


1. If the initial velocity and firing angle are known, the value of y correspond- 
ing to any given value of x (or the value of x for any value of y) can be obtained 
by solving one of the above equations for ¢ and substituting for t into the other, 
equation [Sample Prob. 11.7]. 


2. If the initial velocity and the coordinates of a point of the trajectory are 
known, and you wish to determine the firing angle a, begin your solution by 
expressing the components (v,)) and (v,)o of the initial velocity as functions of the 
angle a. These expressions and the known values of x and y are then substituted 
into the above equations. Finally, solve the first equation for t and substitute that 
value of t into the second equation to obtain a trigonometric equation in a, which 
you can solve for that unknown [Sample Prob. 11.8]. 


(continued ) 
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B. Solving translational two-dimensional relative-motion problems. You saw 
in Sec. 11.12 that the absolute motion of a particle B can be obtained by combin- 
ing the motion of a particle A and the relative motion of B with respect to a frame 
attached to A which is in translation. The velocity and acceleration of B can then 
be expressed as shown in Eqs. (11.33) and (11.34), respectively. 


1. To visualize the relative motion of B with respect to A, imagine that you 
are attached to particle A as you observe the motion of particle B. For example, 
to a passenger in automobile A of Sample Prob. 11.9, automobile B appears to be 
heading in a southwesterly direction (south should be obvious; and west is due 
to the fact that automobile A is moving to the east—automobile B then appears 
to travel to the west). Note that this conclusion is consistent with the direction 
of VB/A: 


2. To solve a relative-motion problem, first write the vector equations (11.31), 
(11.33), and (11.34), which relate the motions of particles A and B. You may then 
use either of the following methods: 

a. Construct the corresponding vector triangles and solve them for the 
desired position vector, velocity, and acceleration [Sample Prob. 11.9]. 

b. Express all vectors in terms of their rectangular components and solve 
the two independent sets of scalar equations obtained in that way. If you choose 
this approach, be sure to select the same positive direction for the displacement, 
velocity, and acceleration of each particle. 


11.89 


11.90 


11.91 


11.92 


11.93 


11.94 


PROBLEMS 


The motion of a particle is defined by the equations x = 4¢° — 
5t° + 5¢ and y= 5¢? — 15t, where x and y are expressed in milli- 
meters and ¢ is expressed in seconds. Determine the velocity and 
the acceleration when (a) t = 1 s, (b) t = 2s. 


The motion of a particle is defined by the equations x = 2 cos at 
and y = 1 — 4 cos 27t, where x and y are expressed in meters 
and t is expressed in seconds. Show that the path of the particle 
is part of the parabola shown, and determine the velocity and the 
acceleration when (a) t = 0, (b) t = 1.5 s. 


y(m) 


Fig. P11.90 


The motion of a particle is defined by the equations x = P— 8t+7 
and y = 0.5t7 + 2t — 4, where x and y are expressed in meters and 
t in seconds. Determine (a) the magnitude of the smallest veloc- 
ity reached by the particle, (b) the corresponding time, position, 
and direction of the velocity. 


The motion of a particle is defined by the equations x = 4t — 
2 sint and y = 4 — 2 cos t, where x and y are expressed in inches 
and t is expressed in seconds. Sketch the path of the particle, and 
determine (a) the magnitudes of the smallest and largest velocities 
reached by the particle, (b) the corresponding times, positions, and 
directions of the velocities. 


The motion of a particle is defined by the position vector r = 
A(cos t + ¢ sin t)i + A(sin t — t cos f)j, where t is expressed in 
seconds. Determine the values of ¢ for which the position vector 
and the acceleration are (a) perpendicular, (b) parallel. 


The damped motion of a vibrating particle is defined by the posi- 
tion vector r = x,(1 — 1/¢ + 1))i + (ye cos 2crt)j, where t is 
expressed in seconds. For x; = 30 mm and y; = 20 mm, determine 
the position, the velocity, and the acceleration of the particle when 
(jt =0, (b)t=1.5s. 


Fig. P11.93 


y/yy 


1.0 


ee Gee te: 


-1L0)-- 


Fig. P11.94 


x/x4 
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654 Kinematics of Particles 11.95 The three-dimensional motion of a particle is defined by the posi- 
tion vector r = (Rt cos @,t)i + ctj + (Rt sin ,t)k. Determine 
the magnitudes of the velocity and acceleration of the particle. 
(The space curve described by the particle is a conic helix.) 


327! *11.96 The three-dimensional motion of a particle is defined by the 
position vector r = (At cos t)i + (AV e+ 1)j + (Bt sin f)k, 
where r and ¢ are expressed in feet and seconds, respectively. 
Show that the curve described the particle lies on the hyper- 
boloid (y/A)” — (x/A) — (z/ 1. For A = 3 and B = 1, 
determine (a) the me i the velocity and acceleration 
when t = 0, (b) the smallest nonzero value of t for which the 
position vector and the velocity are perpendicular to each other. 


z x 


Fig. P11.96 


11.97 An airplane used to drop water on brushfires is flying horizontally 
in a straight line at 315 km/h at an altitude of 80 m. Determine 
the distance d at which the pilot should release the water so that 
it will hit the fire at B. 


, Vo 
<< — 
Al ™ 


a 


Fig. P11.97 


11.98 Three children are throwing snowballs at each other. Child A 
throws a snowball with a horizontal velocity vo. If the snowball just 
passes over the head of child B and hits child C, determine (a) the 
value of vo, (b) the distance d. 


Fig. P11.98 


11.99 While delivering newspapers, a girl throws a newspaper with a 
horizontal velocity vp. Determine the range of values of vg if the 
newspaper is to land between points B and C. 


Fig. P11.99 


11.100 A baseball pitching machine “throws” baseballs with a horizontal 
velocity vo. Knowing that height h varies between 31 in. and 42 in., 
determine (a) the range of values of vo, (b) the values of a corre- 
sponding to h = 31 in. andh = 42 in. 


40 ft 


Fig. P11.100 


11.101 A volleyball player serves the ball with an initial velocity vy of 
magnitude 13.40 m/s at an angle of 20° with the horizontal. Deter- 
mine (qa) if the ball will clear the top of the net, (b) how far from 
the net the ball will land. 


Fig. P11.101 


Problems 655 
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11.102 Milk is poured into a glass of height 140 mm and inside diameter 
66 mm. If the initial velocity of the milk is 1.2 m/s at an angle of 
40° with the horizontal, determine the range of values of the 
height h for which the milk will enter the glass. 


80 mm 


Fig. P11.102 


11.103 A golfer hits a golf ball with an initial velocity of 160 ft/s at an 
angle of 25° with the horizontal. Knowing that the fairway slopes 
downward at an average angle of 5°, determine the distance d 
between the golfer and point B where the ball first lands. 


Fig. P11.103 


11.104 Water flows from a drain spout with an initial velocity of 2.5 ft/s at 
an angle of 15° with the horizontal. Determine the range of values 
of the distance d for which the water will enter the trough BC. 


Fig. P11.104 


11.105 Sand is discharged at A from a conveyor belt and falls onto the 
top of a stockpile at B. Knowing that the conveyor belt forms 


an angle a = 20° with the horizontal, determine the speed vo of 
the belt. 


11.106 A basketball player shoots when she is 16 ft from the backboard. 
Knowing that the ball has an initial velocity vp at an angle of 30° 
with the horizontal, determine the value of vp when d is equal to 


(a) 9 in., (b) 17 in. 


16 ft 
— o 


Fig. P11.106 


11.107 A group of children are throwing balls through a 0.72-m-inner- 
diameter tire hanging from a tree. A child throws a ball with 
an initial velocity vp at an angle of 3° with the horizontal. Deter- 
mine the range of values of vp for which the ball will go through 
the tire. 


Fig. P11.107 


11.108 The nozzle at A discharges cooling water with an initial velocity 
vo at an angle of 6° with the horizontal onto a grinding wheel 
350 mm in diameter. Determine the range of values of the initial 
velocity for which the water will land on the grinding wheel 
between points B and C. 


Problems 657 


Fig. P11.105 


20 mm |<— 


Fig. P11.108 


658 Kinematics of Particles 11.109 While holding one of its ends, a worker lobs a coil of rope over 
the lowest limb of a tree. If he throws the rope with an initial 
velocity vg at an angle of 65° with the horizontal, determine the 
range of values of v9 for which the rope will go over only the 
lowest limb. 


0.9m 11.110 A ballis dropped onto a step at point A and rebounds with a veloc- 
ity vo at an angle of 15° with the vertical. Determine the value of 
vo knowing that just before the ball bounces at point B its velocity 
vz forms an angle of 12° with the vertical. 


5.7m 


Fig. P11.109 


Fig. P11.110 


11.111 A model rocket is launched from point A with an initial velocity 
vo of 250 ft/s. If the rocket’s descent parachute does not deploy 
and the rocket lands 400 ft from A, determine (a) the angle a that 
vo forms with the vertical, (b) the maximum height above point A 
reached by the rocket, (c) the duration of the flight. 


Fig. P11.111 


11.112 The initial velocity vp of a hockey puck is 105 mi/h. Determine 
(a) the largest value (less than 45°) of the angle @ for which the 
puck will enter the net, (b) the corresponding time required for 
the puck to reach the net. 


L 16 ft oP 


Fig. P11.112 


11.113 The pitcher in a softball game throws a ball with an initial velocity 
vo of 72 km/h at an angle @ with the horizontal. If the height of 
the ball at point B is 0.68 m, determine (a) the angle a, (b) the 
angle @ that the velocity of the ball at point B forms with the 
horizontal. 


b—un : 


Fig. P11.113 


*11.114 A mountain climber plans to jump from A to B over a crevasse. 
Determine the smallest value of the climber’s initial velocity vo 
and the corresponding value of angle a so that he lands at B. 


11.115 An oscillating garden sprinkler which discharges water with an 
initial velocity vo of 8 m/s is used to water a vegetable garden. 
Determine the distance d to the farthest point B that will be 
watered and the corresponding angle a when (a) the vegetables 
are just beginning to grow, (b) the height h of the corn is 1.8 m. 


ae 


Fig. P11.115 


Fig. P11.114 
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11.116 A worker uses high-pressure water to clean the inside of a long 
drainpipe. If the water is discharged with an initial velocity vo of 
11.5 m/s, determine (a) the distance d to the farthest point B on 
the top of the pipe that the worker can wash from his position at 
A, (b) the corresponding angle a. 


Fig. P11.116 


11.117 As slider block A moves downward at a speed of 0.5 m/s, the veloc- 
ity with respect to A of the portion of belt B between idler pulleys 
C and D is Vep, = 2 m/s 6. Determine the velocity of portion 
CD of the belt when (a) 8 = 45°, (b) 8 = 60°. 


Fig. P11.117 


11.118 The velocities of skiers A and B are as shown. Determine the 
velocity of A with respect to B. 


14 m/s 


fo 


11.119 


Shore-based radar indicates that a ferry leaves its slip with a veloc- 
ity v = 9.8 knots 27 70°, while instruments aboard the ferry indi- 
cate a speed of 10 knots and a heading of 30° west of south relative 
to the river. Determine the velocity of the river. 


@OO8OOOO080006008 
OOOO 008608600600! 
@O0660 00000000000 
eee) é 


Fig. P11.119 


11.120 Airplanes A and B are flying at the same altitude and are tracking 


11.121 


the eye of hurricane C. The relative velocity of C with respect to 
A is Vo = 235 mi/h 27 75°, and the relative velocity of C with 
respect to B is vc¢jg = 260 mi/h SG 40°. Determine (a) the relative 
velocity of B with respect to A, (b) the velocity of A if ground-based 
radar indicates that the hurricane is moving at a speed of 24 mi/h 
due north, (c) the change in position of C with respect to B during 
a 15-min interval. 


The velocities of commuter trains A and B are as shown. Knowing 
that the speed of each train is constant and that B reaches the 
crossing 10 min after A passed through the same crossing, deter- 
mine (a) the relative velocity of B with respect to A, (b) the dis- 
tance between the fronts of the engines 3 min after A passed 
through the crossing. 


66 km/h 
A —_— 


Fig. P11.121 
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Fig. P11.120 
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11.122 Knowing that the velocity of block B with respect to block A is 
Vz, = 5.6 m/s 70°, determine the velocities of A and B. 


Fig. P11.122 


11.123 Knowing that at the instant shown block A has a velocity of 8 in./s 
and an acceleration of 6 in./s” both directed down the incline, deter- 
mine (a) the velocity of block B, (b) the acceleration of block B. 


Fig. P11.123 


11.124 Knowing that at the instant shown assembly A has a velocity of 9 in./s 
and an acceleration of 15 in./s” both directed downwards, determine 
(a) the velocity of block B, (b) the acceleration of block B. 


Fig. P11.124 


11.125 The assembly of rod A and wedge B starts from rest and moves Problems 663 
to the right with a constant acceleration of 2 mm/s”. Determine 
(a) the acceleration of wedge C, (b) the velocity of wedge C when 
t= 10s. 


75° 


Fig. P11.125 


11.126 As the truck shown begins to back up with a constant acceleration 
of 1.2 m/s”, the outer section B of its boom starts to retract with 
a constant acceleration of 0.5 m/s” relative to the truck. Determine 
(a) the acceleration of section B, (b) the velocity of section B when 
t=2s. Fig. P11.126 


11.127 Conveyor belt A, which forms a 20° angle with the horizontal, 
moves at a constant speed of 4 ft/s and is used to load an airplane. 
Knowing that a worker tosses duffel bag B with an initial velocity 
of 2.5 ft/s at an angle of 30° with the horizontal, determine the 
velocity of the bag relative to the belt as it lands on the belt. 


Fig. P11.127 


11.128 Determine the required velocity of the belt B if the relative veloc- 
ity with which the sand hits belt B is to be (a) vertical, (b) as small 
as possible. 


11.129 As observed from a ship moving due east at 9 km/h, the wind 
appears to blow from the south. After the ship has changed course 
and speed, and as it is moving north at 6 km/h, the wind appears 
to blow from the southwest. Assuming that the wind velocity is Fig. P11.128 
constant during the period of observation, determine the magni- 
tude and direction of the true wind velocity. 


664 Kinematics of Particles 11.130 When a small boat travels north at 5 km/h, a flag mounted on its 


11.131 


Fig. P11.131 


stern forms an angle @ = 50° with the centerline of the boat as shown. 
A short time later, when the boat travels east at 20 km/h, angle @ is 
again 50°. Determine the speed and the direction of the wind. 


in 


V4 


Fig. P11.130 


As part of a department store display, a model train D runs on a 
slight incline between the store’s up and down escalators. When 
the train and shoppers pass point A, the train appears to a shopper 
on the up escalator B to move downward at an angle of 22° with 
the horizontal, and to a shopper on the down escalator C to move 
upward at an angle of 23° with the horizontal and to travel to the 
left. Knowing that the speed of the escalators is 3 ft/s, determine 
the speed and the direction of the train. 


11.132 The paths of raindrops during a storm appear to form an angle of 


75° with the vertical and to be directed to the left when observed 
through a left-side window of an automobile traveling north at a 
speed of 40 mi/h. When observed through a right-side window of 
an automobile traveling south at a speed of 30 mi/h, the raindrops 
appear to form an angle of 60° with the vertical. If the driver of the 
automobile traveling north were to stop, at what angle and with what 
speed would she observe the drops to fall? 


11.13 TANGENTIAL AND NORMAL COMPONENTS Ble tengenial eet eonal compere GG 


We saw in Sec. 11.9 that the velocity of a particle is a vector tangent 
to the path of the particle but that, in general, the acceleration is 
not tangent to the path. It is sometimes convenient to resolve the 
acceleration into components directed, respectively, along the tan- 
gent and the normal to the path of the particle. 


Plane Motion of a Particle. First, let us consider a particle which 
moves along a curve contained in the plane of the figure. Let P be 
the position of the particle at a given instant. We attach at P a unit 
vector e, tangent to the path of the particle and pointing in the direc- 
tion of motion (Fig. 11.21a). Let e; be the unit vector corresponding 
to the position P’ of the particle at a later instant. Drawing both vec- 
tors from the same origin O’, we define the vector Ae, = e; — e; 
(Fig. 11.21b). Since e, and e; are of unit length, their tips lie on a 
circle of radius 1. Denoting by A@ the angle formed by e; and e}, we 
find that the magnitude of Ae, is 2 sin (A@/2). Considering now the 
vector Ae,/A@, we note that as A@ approaches zero, this vector 
becomes tangent to the unit circle of Fig. 11.21), i.e., perpendicular 


to e,, and that its magnitude approaches b) 
_ 2sin(A6/2) _ sin(A6/2) Fig. 11.21 
lim ————— = lim ——— = 1 
et) Aé aoeso A6/2 


Thus, the vector obtained in the limit is a unit vector along the 
normal to the path of the particle, in the direction toward which e, 
turns. Denoting this vector by e,, we write 


F Ae, 
e, = lim —— 
"aos0 AO 


_ dey 


7 (11.35) 


ey 


Since the velocity v of the particle is tangent to the path, it can 
be expressed as the product of the scalar v and the unit vector e;. 
We have 


Vv = ve, (11.36) 
To obtain the acceleration of the particle, (11.36) will be differenti- 


ated with respect to t. Applying the rule for the differentiation of 
the product of a scalar and a vector function (Sec. 11.10), we write 


Yy 


a= “ = ee, + ee (11.37) 
But 
de, _ de,d6 ds 
dt dds dt 
Recalling from (11.16) that ds/dt = v, from (11.35) that de,/d@ = e,, 
and from elementary calculus that d6/ds is equal to 1/p, where p is x 


the radius of curvature of the path at P (Fig. 11.22), we have Fig. 11.22 
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Photo 11.5 The passengers in a train traveling 
around a curve will experience a normal 
acceleration towards the center of curvature 

of the path. 


de, ov 

— = ey 13 

dt p- ee 
Substituting into (11.37), we obtain 


dv v 
Ce oF Fad (11.39) 


Thus, the scalar components of the acceleration are 


_ dv _ 

ae? ay = (11.40) 
The relations obtained express that the tangential component 
of the acceleration is equal to the rate of change of the speed of the 
particle, while the normal component is equal to the square of the 
speed divided by the radius of curvature of the path at P. If the speed 
of the particle increases, a; is positive and the vector component a, 
points in the direction of motion. If the speed of the particle 
decreases, a, is negative and a, points against the direction of motion. 
The vector component a,, on the other hand, is always directed 

toward the center of curvature C of the path (Fig. 11.23). 


oe , 
Fig. 11.23 


We conclude from the above that the tangential component of 
the acceleration reflects a change in the speed of the particle, while 
its normal component reflects a change in the direction of motion 
of the particle. The acceleration of a particle will be zero only if both 
its components are zero. Thus, the acceleration of a particle moving 
with constant speed along a curve will not be zero unless the particle 
happens to pass through a point of inflection of the curve (where the 
radius of curvature is infinite) or unless the curve is a straight line. 

The fact that the normal component of the acceleration depends 
upon the radius of curvature of the path followed by the particle is 
taken into account in the design of structures or mechanisms as 
widely different as airplane wings, railroad tracks, and cams. In order 
to avoid sudden changes in the acceleration of the air particles flow- 
ing past a wing, wing profiles are designed without any sudden 
change in curvature. Similar care is taken in designing railroad 
curves, to avoid sudden changes in the acceleration of the cars (which 


would be hard on the equipment and unpleasant for the passengers). 11.13 Tangential ond Normal Components: 667 
A straight section of track, for instance, is never directly followed by 

a circular section. Special transition sections are used to help pass 

smoothly from the infinite radius of curvature of the straight section 

to the finite radius of the circular track. Likewise, in the design of 

high-speed cams, abrupt changes in acceleration are avoided by 

using transition curves which produce a continuous change in 

acceleration. 


Motion of a Particle in Space. The relations (11.39) and (11.40) 
still hold in the case of a particle moving along a space curve. How- 
ever, since there are an infinite number of straight lines which are 
perpendicular to the tangent at a given point P of a space curve, it is 
necessary to define more precisely the direction of the unit vector e,. 

Let us consider again the unit vectors e, and e; tangent to the 
path of the particle at two neighboring points P and P’ (Fig. 11.24a) 
and the vector Ae, representing the difference between e, and e; 


Osculating 


‘ ax / plane 


e 


Fig. 11.24 


(Fig. 11.24b). Let us now imagine a plane through P (Fig. 11.24a) 
parallel to the plane defined by the vectors e,, e;, and Ae, (Fig. 11.24b). 
This plane contains the tangent to the curve at P and is parallel to 
the tangent at P’. If we let P’ approach P, we obtain in the limit the 
plane which fits the curve most closely in the neighborhood of P. 
This plane is called the osculating plane at P.+ It follows from this 
definition that the osculating plane contains the unit vector e,,, since 
this vector represents the limit of the vector Ae,/A@. The normal 
defined by e, is thus contained in the osculating plane; it is called 
the principal normal at P. The unit vector e, = e; X e, which com- 
pletes the right-handed triad e,, e,, e, (Fig. 11.24c) defines the 
binormal at P. The binormal is thus perpendicular to the osculating 
plane. We conclude that the acceleration of the particle at P can be 
resolved into two components, one along the tangent, the other along 
the principal normal at P, as indicated in Eq. (11.39). Note that the 
acceleration has no component along the binormal. 


tFrom the Latin osculari, to kiss. 


GOS Moonarcs.ot Hamicles 11.14 RADIAL AND TRANSVERSE COMPONENTS 


In certain problems of plane motion, the position of the particle P is 
defined by its polar coordinates r and @ (Fig. 11.25a). It is then con- 
venient to resolve the velocity and acceleration of the particle into 
components parallel and perpendicular, respectively, to the line OP. 
These components are called radial and transverse components. 


&6 


Aeg 2 
0 ' 
& Aye 
e6 % 
(7 
Ad 
Ad 


(a) (b) (c) 
Fig. 11.25 


We attach at P two unit vectors, e, and eg (Fig. 11.25b). The 
vector e, is directed along OP and the vector eg is obtained by rotat- 
ing e, through 90° counterclockwise. The unit vector e, defines the 
radial direction, i.e., the direction in which P would move if r were 
increased and 6 were kept constant; the unit vector eg defines the 
transverse direction, i.e., the direction in which P would move if 6 
were increased and r were kept constant. A derivation similar to the 
one we used in Sec. 11.13 to determine the derivative of the unit 
vector e, leads to the relations 

Cee deg 

do“ do 
where —e, denotes a unit vector of sense opposite to that of e, 
(Fig. 11.25c). Using the chain rule of differentiation, we express the 
time derivatives of the unit vectors e, and eg as follows: 


Photo 11.6 The footpads on an elliptical 
trainer undergo curvilinear motion. de, - de, dé - Ps deg = deg do = - 
dt —_d dt dt dt dédt "dt 


or, using dots to indicate differentiation with respect to t, 


é.=6e,  é&) = —Oe, (11.42) 


= -e, (11.41) 


To obtain the velocity v of the particle P, we express the posi- 
tion vector r of P as the product of the scalar r and the unit vector 
e, and differentiate with respect to t: 


_@ 
dt 


or, recalling the first of the relations (11.42), 


v (re,) = re, + re, 


v = re, + re, (11.43) 


Differentiating again with respect to t to obtain the acceleration, 11.14 Radial and Transverse Components @6Q 
we write 


a= = re, T re, T r0e,g t r0eg t r0eg 


or, substituting for é, and é, from (11.42) and factoring e, and eg, 


a = (¥ — r6®)e, + (r6 + 2r8)e, (11.44) 


The scalar components of the velocity and the acceleration in the 
radial and transverse directions are, therefore, 


vo, =P Ug = r0 (11.45) 
4,=%-—10 a,=r0 + 270 (11.46) 


It is important to note that a, is not equal to the time derivative of v, 
and that dg is not equal to the time derivative of vg. 

In the case of a particle moving along a circle of center O, we 
have r = constant and r = ¢ = 0, and the formulas (11.43) and 
(11.44) reduce, respectively, to 


rn 


v= r0e, a = —ré’e, + re, (11.47) 
P 
Extension to the Motion of a Particle in Space: Cylindrical yj 
Coordinates. The position of a particle P in space is sometimes 
defined by its cylindrical coordinates R, 6, and z (Fig. 11.26). It is C y 
then convenient to use the unit vectors eg, eg, and k shown in Fig. @ oR 
11.26b. Resolving the position vector r of the particle P into compo-_ < 
nents along the unit vectors, we write (a) 
r = Reg + zk (11.48) 


Observing that ep and eg define, respectively, the radial and trans- 
verse directions in the horizontal xy plane, and that the vector k, 
which defines the axial direction, is constant in direction as well as 
in magnitude, we easily verify that 


ad 

v= A = Rep + Rée, + 2k (11.49) 
ae oe - : = . 

a=— =(R-— RO )eg + (RO + 2RO)e, + Zk (11.50) 


dt Fig. 11.26 


v= LE 
A 


2500 ft 


a, = 2.75 ft/s? 
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SAMPLE PROBLEM 11.10 


A motorist is traveling on a curved section of highway of radius 2500 ft at 
the speed of 60 mi/h. The motorist suddenly applies the brakes, causing the 
automobile to slow down at a constant rate. Knowing that after 8 s the speed 
has been reduced to 45 mi/h, determine the acceleration of the automobile 
immediately after the brakes have been applied. 


SOLUTION 


Tangential Component of Acceleration. First the speeds are expressed 


in ft/s. 
TRAVERS RAVE 104 
Onan 60 Ee fi 
SoM (6 = lean Vans) poe 


45 mi/h = 66 ft/s 
Since the automobile slows down at a constant rate, we have 
Av _ 66 ft/s — 88 ft/s 
At 8s 
Normal Component of Acceleration. Immediately after the brakes have 
been applied, the speed is still 88 ft/s, and we have 
v? _ (88 ft/s)” 5 
On = D 9500K 3.10 ft/s 


Magnitude and Direction of Acceleration. The magnitude and direction 
of the resultant a of the components a, and a, are 


= = 275 ft/s 


a, = average a, = 


n 3.10 ft/s? 
tana = = a= 484° < 
ay 9.75 ft/s- 
2 
ae Gy 3.10 ft/s ieee 


sin @ sin 48.4° 


SAMPLE PROBLEM 11.11 


Determine the minimum radius of curvature of the trajectory described by 
the projectile considered in Sample Prob. 11.7. 


SOLUTION 


Since a, = v’/p, we have p = v’/a,. The radius will be small when v is small 
or when a, is large. The speed v is minimum at the top of the trajectory since 
vy = Oat that point; a, is maximum at that same point, since the direction of 
the vertical coincides with the direction of the normal. Therefore, the minimum 


radius of curvature occurs at the top of the trajectory. At this point, we have 
= = lon mis as =e — Oo Sls 
vw? (155.9 m/s)? 


oon p= 2480m << 


SAMPLE PROBLEM 11.12 


The rotation of the 0.9-m arm OA about O is defined by the relation 
6 = 0.15¢7, where 6 is expressed in radians and ¢ in seconds. Collar B slides 
along the arm in such a way that its distance from O is r = 0.9 — 0.122, 
where r is expressed in meters and ¢ in seconds. After the arm OA has 
rotated through 30°, determine (a) the total velocity of the collar, (b) the 
total acceleration of the collar, (c) the relative acceleration of the collar with 
respect to the arm. 


SOLUTION 


Time f at which @ = 30°. Substituting 6 = 30° = 0.524 rad into the 
expression for 0, we obtain 


6=0.15 0524=0.15t t= 1.869s 


Equations of Motion. Substituting tf = 1.869 s in the expressions for r, 6, 


v= 0.e, Posey and their first and second derivatives, we have 
a=d,€, + dg eg r=09 — 0.122 =0481m 6 = 0.150? = 0.524 rad 
r = —0.24t = —0.449 m/s 6 = 0.30t = 0.561 rad/s 
_-Wo = (0.270 m/s)eg 7 = —0.24 = —0.240 m/s? 6 = 0.30 = 0.300 rad/s” 


a. Velocity of B. Using Eqs. (11.45), we obtain the values of v, and vg 
when t = 1.869 s. 


v, =r = —0.449 m/s 
ré = 0.481(0.561) = 0.270 m/s 


V6 
Solving the right triangle shown, we obtain the magnitude and direction of 
the velocity, 


v = 0.524 m/s B= 310° < 


b. Acceleration of B. Using Eqs. (11.46), we obtain 
ad, =f — re? 
—0.240 — 0.481(0.561)? = —0.391 m/s? 
r0 + 270 
= (.481(0.300) + 2(—0.449)(0.561) = —0.359 m/s” 
A a = 0.531 m/s* y=426° < 


ap = (-0.359 m/s2)eg dp 


apoa = (-0.240 m/s?)e,. 
c. Acceleration of B with Respect to Arm OA. We note that the motion 
of the collar with respect to the arm is rectilinear and defined by the coor- 
dinate r. We write 
Apion = * = —0.240 m/s” 
dpioa = 0.240 m/s” toward O. 
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SOLVING IPROBLEMS 
JN YOUR OWN 


b bes will be asked in the following problems to express the velocity and the 
acceleration of particles in terms of either their tangential and normal compo- 
nents or their radial and transverse components. Although those components may 
not be as familiar to you as the rectangular components, you will find that they 
can simplify the solution of many problems and that certain types of motion are 
more easily described when they are used. 


1. Using tangential and normal components. These components are most often 
used when the particle of interest travels along a circular path or when the radius 
of curvature of the path is to be determined. Remember that the unit vector e, is 
tangent to the path of the particle (and thus aligned with the velocity) while the 
unit vector e,, is directed along the normal to the path and always points toward 
its center of curvature. It follows that, as the particle moves, the directions of the 
two unit vectors are constantly changing. 


2. Expressing the acceleration in terms of its tangential and normal compo- 
nents. We derived in Sec. 11.13 the following equation, applicable to both the 
two-dimensional and the three-dimensional motion of a particle: 


a= —e, + ma (11.39) 


The following observations may help you in solving the problems of this lesson. 

a. The tangential component of the acceleration measures the rate of change 
of the speed: a, = dv/dt. It follows that when a, is constant, the equations for 
uniformly accelerated motion can be used with the acceleration equal to a,;. Fur- 
thermore, when a particle moves at a constant speed, we have a, = 0 and the 
acceleration of the particle reduces to its normal component. 

b. The normal component of the acceleration is always directed toward the 
center of curvature of the path of the particle, and its magnitude is a, = v’/p. 
Thus, the normal component can be easily determined if the speed of the particle 
and the radius of curvature p of the path are known. Conversely, when the speed 
and normal acceleration of the particle are known, the radius of curvature of the 
path can be obtained by solving this equation for p [Sample Prob. 11.11]. 

c. In three-dimensional motion, a third unit vector is used, e, = e, X e, 
which defines the direction of the binormal. Since this vector is perpendicular to 
both the velocity and the acceleration, it can be obtained by writing 

vxa 


_ lv X al 


3. Using radial and transverse components. These components are used to 
analyze the plane motion of a particle P, when the position of P is defined by its 
polar coordinates r and 6. As shown in Fig. 11.25, the unit vector e,, which defines 
the radial direction, is attached to P and points away from the fixed point O, while 
the unit vector eg, which defines the transverse direction, is obtained by rotating 
e, counterclockwise through 90°. The velocity and the acceleration of a particle 
were expressed in terms of their radial and transverse components in Eqs. (11.43) 
and (11.44), respectively. You will note that the expressions obtained contain the 
first and second derivatives with respect to t of both coordinates r and 0. 


In the problems of this lesson, you will encounter the following types of problems 
involving radial and transverse components: 

a. Both r and @ are known functions of f. In this case, you will compute 
the first and second derivatives of r and 6 and substitute the expressions obtained 
into Eqs. (11.43) and (11.44). 

b. A certain relationship exists between r and 0. First, you should deter- 
mine this relationship from the geometry of the given system and use it to express 
r as a function of 6. Once the function r = f(@) is known, you can apply the chain 
rule to determine 7 in terms of 6 and 0, and 7 in terms of 0, 0, 0: 


r=f '(0)0 

i = f"(0)0" + f'(0)0 
The expressions obtained can then be substituted into Eqs. (11.43) and (11.44). 

c. The three-dimensional motion of a particle, as indicated at the end of 

Sec. 11.14, can often be effectively described in terms of the cylindrical coordi- 
nates R, 6, and z (Fig. 11.26). The unit vectors then should consist of eg, eg, and k. 
The corresponding components of the velocity and the acceleration are given in 
Eqs. (11.49) and (11.50). Please note that the radial distance R is always measured 


in a plane parallel to the xy plane, and be careful not to confuse the position vec- 
tor r with its radial component Rep. 
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PROBLEMS 


11.133 Determine the peripheral speed of the centrifuge test cab A for 
which the normal component of the acceleration is 10g. 


— 


i? 
@ V|_INNNSSSE9)) 11.134 To test its performance, an automobile is driven around a circular 


test track of diameter d. Determine (a) the value of d if when the 
speed of the automobile is 72 km/h, the normal component of 
the acceleration is 3.2 m/s”, (b) the speed of the automobile if d = 
180 m and the normal component of the acceleration is measured 
to be 0.6¢. 


Fig. P11.133 


11.135 Determine the smallest radius that should be used for a highway 
if the normal component of the acceleration of a car traveling at 
45 mi/h is not to exceed 2.4 ft/s”. 


Fig. P11.135 


11.136 Determine the maximum speed that the cars of the roller-coaster 
can reach along the circular portion AB of the track if the normal 
component of their acceleration cannot exceed 3g. 


Fig. P11.136 


11.137 Pin A, which is attached to link AB, is constrained to move in 
the circular slot CD. Knowing that at t = 0 the pin starts from 
rest and moves so that its speed increases at a constant rate of 
B 20 mm/s”, determine the magnitude of its total acceleration when 

Fig. P11.137 (a) t = 0, (b)t = 2s. 
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11.138 


11.139 


11.140 


11.141 


A monorail train starts from rest on a curve of radius 400 m and 
accelerates at the constant rate a,. If the maximum total accelera- 
tion of the train must not exceed 1.5 m/s”, determine (a) the short- 
est distance in which the train can reach a speed of 72 kwv/h, (b) the 
corresponding constant rate of acceleration a,. 


An outdoor track is 420 ft in diameter. A runner increases her 
speed at a constant rate from 14 to 24 ft/s over a distance of 95 ft. 
Determine the total acceleration of the runner 2 s after she begins 
to increase her speed. 


At a given instant in an airplane race, airplane A is flying horizontally 
in a straight line, and its speed is being increased at the rate of 8 m/s”. 
Airplane B is flying at the same altitude as airplane A and, as it 
rounds a pylon, is following a circular path of 300-m radius. Know- 
ing that at the given instant the speed of B is being decreased at 
the rate of 3 m/s”, determine, for the positions shown, (a) the veloc- 
ity of B relative to A, (b) the acceleration of B relative to A. 


A | 
pal anne 
450 km/h a. B 
200 m 

ae \ 

yar 

/ 

a 540 kin/h 
VA 
/ 
i 


Fig. P11.140 


A motorist traveling along a straight portion of a highway is decreas- 
ing the speed of his automobile at a constant rate before exiting 
from the highway onto a circular exit ramp with a radius of 560-ft. 
He continues to decelerate at the same constant rate so that 10 s 
after entering the ramp, his speed has decreased to 20 mi/h, a speed 
which he then maintains. Knowing that at this constant speed the 
total acceleration of the automobile is equal to one-quarter of its 
value prior to entering the ramp, determine the maximum value 
of the total acceleration of the automobile. 


ay 


Fig. P11.141 


Fig. P11.139 
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Fig. P11.144 


Fig. P11.145 


11.142 


11.143 


11.144 


11.145 


11.146 


Racing cars A and B are traveling on circular portions of a race 
track. At the instant shown, the speed of A is decreasing at the 
rate of 7 m/s”, and the speed of B is increasing at the rate of 2 m/s”. 
For the positions shown, determine (a) the velocity of B relative 
to A, (b) the acceleration of B relative to A. 


Ix 700 m 
Fig. P11.142 


A golfer hits a golf ball from point A with an initial velocity of 
50 m/s at an angle of 25° with the horizontal. Determine the radius 
of curvature of the trajectory described by the ball (a) at point A, 
(b) at the highest point of the trajectory. 


From a photograph of a homeowner using a snowblower, it is 
determined that the radius of curvature of the trajectory of the 
snow was 8.5 m as the snow left the discharge chute at A. Deter- 
mine (a) the discharge velocity v, of the snow, (b) the radius of 
curvature of the trajectory at its maximum height. 


A basketball is bounced on the ground at point A and rebounds 
with a velocity v, of magnitude 7.5 ft/s as shown. Determine the 
radius of curvature of the trajectory described by the ball (@) at 
point A, (b) at the highest point of the trajectory. 


Coal is discharged from the tailgate A of a dump truck with an 
initial velocity v, = 6 ft/s 27 50°. Determine the radius of curvature 
of the trajectory described by the coal (@) at point A, (b) at the point 
of the trajectory 3 ft below point A. 


Fig. P11.146 


11.147 


11.148 


11.149 


A horizontal pipe discharges at point A a stream of water into a 
reservoir. Express the radius of curvature of the stream at point B 
in terms of the magnitudes of the velocities v4 and vz. 


A child throws a ball from point A with an initial velocity v4 of 
20 m/s at an angle of 25° with the horizontal. Determine the 
velocity of the ball at the points of the trajectory described by the 
ball where the radius of curvature is equal to three-quarters of 
its value at A. 


A projectile is fired from point A with an initial velocity vo. (a) Show 
that the radius of curvature of the trajectory of the projectile 
reaches its minimum value at the highest point B of the trajectory. 
(b) Denoting by @ the angle formed by the trajectory and the hori- 
zontal at a given point C, show that the radius of curvature of the 
trajectory at C is p = Pmin/Cos’0. 


Fig. P11.149 and P11.150 


11.150 


*11.151 


*11.152 


A projectile is fired from point A with an initial velocity vg which 
forms an angle a with the horizontal. Express the radius of cur- 
vature of the trajectory of the projectile at point C in terms of x, 
vo, a, and g. 


Determine the radius of curvature of the path described by the 
particle of Prob. 11.95 when t = 0. 


Determine the radius of curvature of the path described by the 
particle of Prob. 11.96 when t = 0, A = 3, and B = 1. 


11.153 through 11.155 A satellite will travel indefinitely in a circular 


orbit around a planet if the normal component of the acceleration 
of the satellite is equal to g(R/r)’, where g is the acceleration of 
gravity at the surface of the planet, R is the radius of the planet, 
and r is the distance from the center of the planet to the satellite. 
Determine the speed of a satellite relative to the indicated planet 
if the satellite is to travel indefinitely in a circular orbit 160 km 
above the surface of the planet. 

11.153 Venus: g = 8.53 m/s’, R = 6161 km. 

11.154 Mars: g = 3.83 m/s’, R = 3332 km. 

11.155 Jupiter: g = 26.0 m/s”, R = 69 893 km. 


Fig. P11.147 


Fig. P11.148 


VA 
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Fig. P11.160 


Fig. P11.161 


Fig. P11.163 
and P11.164 


11.156 


11.158 


11.159 


11.160 


11.161 


11.162 


11.163 


11.164 


and 11.157 Knowing that the diameter of the sun is 864,000 mi 
and that the acceleration of gravity at its surface is 900 ft/s*, deter- 
mine the radius of the orbit of the indicated planet around the 
sun assuming that the orbit is circular. (See information given in 
Probs. 11.153-11.155.) 

11.156 Earth: (Onean)orbit = 66,600 mi/h 

11.157 Saturn: (Opean)orbit = 21,580 mi/h 


Knowing that the radius of the earth is 6370 km, determine the 
time of one orbit of the Hubble Space Telescope knowing that the 
telescope travels in a circular orbit 590 km above the surface of 
the earth. (See information given in Probs. 11.153-11.155.) 


A satellite is traveling in a circular orbit around Mars at an altitude 
of 180 mi. After the altitude of the satellite is adjusted, it is found 
that the time of one orbit has increased by 10 percent. Knowing 
that the radius of Mars is 2071 mi, determine the new altitude of 
the satellite. (See information given in Probs. 11.153-11.155). 


Satellites A and B are traveling in the same plane in circular orbits 
around the earth at altitudes of 120 and 200 mi, respectively. If 
at t = 0 the satellites are aligned as shown and knowing that the 
radius of the earth is R = 3960 mi, determine when the satellites 
will next be radially aligned. (See information given in Probs. 
11.153-11.155.) 


The path of a particle P is a limacon. The motion of the particle 
is defined by the relations r = b(2 + cos wt) and @ = at, where t 
and @ are expressed in seconds and radians, respectively. Determine 
(a) the velocity and the acceleration of the particle when t = 2 s, 
(b) the values of 6 for which the magnitude of the velocity is 
maximum. 


The two-dimensional motion of a particle is defined by the relation 
r = 2b cos wt and 0 = at, where b and w are constant. Determine 
(a) the velocity and acceleration of the particle at any instant, 
(b) the radius of curvature of its path. What conclusions can you 
draw regarding the path of the particle? 


The rotation of rod OA about O is defined by the relation 
6 = 7(4t? — 8t), where 6 and ¢ are expressed in radians and 
seconds, respectively. Collar B slides along the rod so that its dis- 
tance from O is r = 10 + 6 sin wt, where r and ¢ are expressed in 
inches and seconds, respectively. When t = 1 s, determine (a) the 
velocity of the collar, (b) the total acceleration of the collar, (c) the 
acceleration of the collar relative to the rod. 


The oscillation of rod OA about O is defined by the relation 
6 = (2/m)(sin wt), where @ and t are expressed in radians and sec- 
onds, respectively. Collar B slides along the rod so that its distance 
from O is r = 25/(t + 4) where r and t are expressed in inches 
and seconds, respectively. When t = 1 s, determine (a) the velocity 
of the collar, (b) the total acceleration of the collar, (c) the accelera- 
tion of the collar relative to the rod. 


11.165 The path of particle P is the ellipse defined by the relations Problems 67Q 
r = 22 — cos mt) and 6 = at, where r is expressed in meters, 
t is in seconds, and @ is in radians. Determine the velocity and the 
acceleration of the particle when (a) t = 0, (b) t = 0.5 s. 
ar 


11.166 The two-dimensional motion of a particle is defined by the rela- 
tions r = 2a cos 6 and @ = bt?/2, where a and b are constants. 
Determine (a) the magnitudes of the velocity and acceleration at we 


any instant, (b) the radius of curvature of the path. What conclu- 
sion can you draw regarding the path of the particle? 


11.167 To study the performance of a race car, a high-speed motion- 
picture camera is positioned at point A. The camera is mounted 
on a mechanism which permits it to record the motion of the car 
as the car travels on straightaway BC. Determine the speed of the 
car in terms of b, 6, and @. 


Fig. P11.165 


Fig. P11.167 


11.168 Determine the magnitude of the acceleration of the race car of 
Prob. 11.167 in terms of b, 0, 0, 0. 


11.169 After taking off, a helicopter climbs in a straight line at a constant 
angle £. Its flight is tracked by radar from point A. Determine the 
speed of the helicopter in terms of d, B, 6, and 0. 


Fig. P11.169 
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11.171 


11.172 


11.173 


11.175 


Pin P is attached to BC and slides freely in the slot of OA. Deter- 
mine the rate of change 6 of the angle 0, knowing that BC moves 
at a constant speed Vo. Express your answer in terms of Uo, h, B, 
and 0. 


Fig. P11.170 


For the race car of Prob. 11.167, it was found that it took 0.5 s for 
the car to travel from the position 6 = 60° to the position 9 = 35°. 
Knowing that b = 25 m, determine the average speed of the car 
during the 0.5-s interval. 


For the helicopter of Prob. 11.169, it was found that when the 
helicopter was at B, the distance and the angle of elevation of the 
helicopter were r = 3000 ft and 0 = 20°, respectively. Four sec- 
onds later, the radar station sighted the helicopter at r = 3320 ft 
and @ = 23.1°. Determine the average speed and the angle of 
climb £ of the helicopter during the 4-s interval. 


and 11.174 A particle moves along the spiral shown; deter- 
mine the magnitude of the velocity of the particle in terms of b, 0, 
and 0. 


Hyperbolic spiral r@=b Logarithmic spiral = r= aa 


Fig. P11.173 and P11.175 Fig. P11.174 and P11.176 


and 11.176 A particle moves along the spiral shown. Know- 
ing that 6 is constant and denoting this constant by w, determine 
the magnitude of the acceleration of the particle in terms of b, 6, 
and w. 


11.177 Show that r = hd sin 6 knowing that at the instant shown, step Problems 68] 
AB of the step exerciser is rotating counterclockwise at a constant 
rate d. 


Fig. P11.177 


11.178 The motion of a particle on the surface of a right circular cylinder 
is defined by the relations, R = A, 0 = 2at, and z = At’/4, where 
A is a constant. Determine the magnitudes of the velocity and 


acceleration of the particle at any time t. \ . PS 
| 


11.179 The three-dimensional motion of a particle is defined by the cylin- 
drical coordinates (see Fig. 11.26) R = A/t + 1), 0 = Bt, andz = 


Ct/(t + 1). Determine the magnitudes of the velocity and accelera- 
tion when (a) t = 0, (b) t = ~ \ Ay 


*11.180 For the conic helix of Prob. 11.95, determine the angle that the 
osculating plane forms with the y axis. 


*11.181 Determine the direction of the binormal of the path described by * y 
the particle of Prob. 11.96 when (a) t = 0, (b) t = 7/2 s. Fig. P11.178 


REVIEW AND SUMMARY 


Position coordinate of a particle In the first half of the chapter, we analyzed the rectilinear motion of 
in rectilinear motion 4 particle, i.e., the motion of a particle along a straight line. To define 
the position P of the particle on that line, we chose a fixed origin O 


ek ne ee Ee en Sg and a positive direction (Fig. 11.27). The distance x from O to P, 
a L__ zai "*'' with the appropriate sign, completely defines the position of the 
: particle on the line and is called the position coordinate of the par- 

Fig. 11.27 ticle [Sec. 11.2]. 


Velocity and acceleration The velocity v of the particle was shown to be equal to the time 
in rectilinear motion derivative of the position coordinate x, 


dx 
ae (11.1) 
and the acceleration a was obtained by differentiating v with respect 
to f, 
dv 
a= ae (11.2) 
or 
aa 
a= de (11.3) 
We also noted that a could be expressed as 
d 
a= on (11.4) 


We observed that the velocity v and the acceleration a were 
represented by algebraic numbers which can be positive or negative. 
A positive value for v indicates that the particle moves in the positive 
direction, and a negative value that it moves in the negative direc- 
tion. A positive value for a, however, may mean that the particle is 
truly accelerated (i.e., moves faster) in the positive direction, or that 
it is decelerated (i.e., moves more slowly) in the negative direction. 
A negative value for a is subject to a similar interpretation [Sample 
Prob. 11.1]. 


Determination of the velocity In most problems, the conditions of motion of a particle are defined 
and acceleration by integration by the type of acceleration that the particle possesses and by the 
initial conditions [Sec. 11.3]. The velocity and position of the particle 
can then be obtained by integrating two of the equations (11.1) to 
(11.4). Which of these equations should be selected depends upon 

the type of acceleration involved [Sample Probs. 11.2 and 11.3]. 


682 


Two types of motion are frequently encountered: the uniform recti- 
linear motion [Sec. 11.4], in which the velocity v of the particle is 
constant and 


x= Xo + vt (11.5) 


and the uniformly accelerated rectilinear motion [Sec. 11.5], in which 
the acceleration a of the particle is constant and we have 


v=) + at (11.6) 
xX = 2X9 + vot + jal? (11.7) 
v? = ve + 2alx — x9) (11.8) 


When two particles A and B move along the same straight line, 
we may wish to consider the relative motion of B with respect to A 


O A B 
i i > 
| x 
7 al XB/A 
XB 
Fig. 11.28 


[Sec. 11.6]. Denoting by xg, the relative position coordinate of B 
with respect to A (Fig. 11.28), we had 


Xp Xa alr XB/A (11.9) 
Differentiating Eq. (11.9) twice with respect to t, we obtained 
successively 

Dap = VA tr UB/A (11.10) 

ap da, + AB/A (11.11) 


where vz, and dp/, represent, respectively, the relative velocity and 
the relative acceleration of B with respect to A. 


When several blocks are connected by inextensible cords, it is possi- 
ble to write a linear relation between their position coordinates. 
Similar relations can then be written between their velocities and 
between their accelerations and can be used to analyze their motion 
[Sample Prob. 11.5]. 


It is sometimes convenient to use a graphical solution for problems 
involving the rectilinear motion of a particle [Secs. 11.7 and 11.8]. 
The graphical solution most commonly used involves the x-t, v-t, 
and a-t curves [Sec. 11.7; Sample Prob. 11.6]. It was shown that, at 
any given time ?¢, 


v = slope of x-t curve 
a = slope of v-t curve 
while, over any given time interval from ¢, to fs, 
Us — U, = area under a-t curve 
X_ — Xx, = area under v-—t curve 


In the second half of the chapter, we analyzed the curvilinear motion 
of a particle, i.e., the motion of a particle along a curved path. The 
position P of the particle at a given time [Sec. 11.9] was defined by 
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Uniform rectilinear motion 


Uniformly accelerated rectilinear 
motion 


Relative motion of two particles 


Blocks connected by inextensible 
cords 


Graphical solutions 


Position vector and velocity 
in curvilinear motion 
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Fig. 11.29 
Acceleration in curvilinear motion 


Derivative of a vector function 


Rectangular components of velocity 
and acceleration 


Component motions 


Relative motion of two particles 


the position vector r joining the O of the coordinates and point P 
(Fig. 11.29). The velocity v of the particle was defined by the 
relation 


_de 
dt 
and was found to be a vector tangent to the path of the particle and 


of magnitude v (called the speed of the particle) equal to the time 
derivative of the length s of the arc described by the particle: 


¥ (11.15) 


ds 
= 11.16 
oat ( ) 
The acceleration a of the particle was defined by the relation 
dv 
= 11.18 
a=, ( ) 


and we noted that, in general, the acceleration is not tangent to the 
path of the particle. 


Before proceeding to the consideration of the components of velocity 
and acceleration, we reviewed the formal definition of the derivative 
of a vector function and established a few rules governing the differ- 
entiation of sums and products of vector functions. We then showed 
that the rate of change of a vector is the same with respect to a fixed 
frame and with respect to a frame in translation [Sec. 11.10]. 


Denoting by x, y, and the rectangular coordinates of a particle P 
we found that the rectangular components of the velocity and accel- 
eration of P equal, respectively, the first and second derivatives with 
respect to ¢ of the corresponding coordinates: 
UO, =X oy = y = & (11.29) 
dy =X dy = y d,= 2 (11.30) 


When the component a, of the acceleration depends only upon ¢, x, 
and/or v,, and when similarly a, depends only upon t, y, and/or v,, 
and a, upon t, z, and/or v., Eqs. (11.30) can be integrated indepen- 
dently. The analysis of the given curvilinear motion can thus be 
reduced to the analysis of three independent rectilinear component 
motions [Sec. 11.11]. This approach is particularly effective in the 
study of the motion of projectiles [Sample Probs. 11.7 and 11.8]. 


For two particles A and B moving in space (Fig. 11.30), we consid- 
ered the relative motion of B with respect to A, or more precisely, 
with respect to a moving frame attached to A and in translation 
with A [Sec. 11.12]. Denoting by rg,q the relative position vector of 
B with respect to A (Fig. 11.30), we had 


rg =, + Vp/a (11.31) 
Denoting by vg,, and ag,,, respectively, the relative velocity and the 
relative acceleration of B with respect to A, we also showed that 

Vp = V4 + Vaya (11.33) 
and 


ap aq T apa (11.34) 


It is sometimes convenient to resolve the velocity and acceleration of 
a particle P into components other than the rectangular x, y, and z 
components. For a particle P moving along a path contained in a 
plane, we attached to P unit vectors e, tangent to the path and e,, 
normal to the path and directed toward the center of curvature of 
the path [Sec. 11.13]. We then expressed the velocity and acceleration 
of the particle in terms of tangential and normal components. We 
wrote 


v = ve, (11.36) 
and 
dv v 
a= ae + Pi (11.39) 


where v is the speed of the particle and p the radius of curvature of 
its path [Sample Probs. 11.10 and 11.11]. We observed that while 
the velocity v is directed along the tangent to the path, the accelera- 
tion a consists of a component a, directed along the tangent to the 
path and a component a,, directed toward the center of curvature of 
the path (Fig. 11.31). 


For a particle P moving along a space curve, we defined the plane 
which most closely fits the curve in the neighborhood of P as the 
osculating plane. This plane contains the unit vectors e, and e,, which 
define, respectively, the tangent and principal normal to the curve. 
The unit vector e, which is perpendicular to the osculating plane 
defines the binormal. 


When the position of a particle P moving in a plane is defined by its 
polar coordinates r and 8, it is convenient to use radial and transverse 
components directed, respectively, along the position vector r of the 
particle and in the direction obtained by rotating r through 90° counter- 
clockwise [Sec. 11.14]. We attached to P unit vectors e, and e, 
directed, respectively, in the radial and transverse directions (Fig. 11.32). 
We then expressed the velocity and acceleration of the particle in 
terms of radial and transverse components 


v =7e, + roe, (11.43) 
a= (¥ —r@)e, + (rO + 27O)e, (11.44) 
where dots are used to indicate differentiation with respect to time. 
The scalar components of the velocity and acceleration in the radial 
and transverse directions are therefore 
v,=f Ug = r6 (11.45) 
d,-=*—-—10? ap =r = 270 (11.46) 
It is important to note that a, is not equal to the time derivative 


of v,, and that ag is not equal to the time derivative of vg [Sample 
Prob. 11.12]. 


The chapter ended with a discussion of the use of cylindrical 
coordinates to define the position and motion of a particle in space. 
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Tangential and normal components 


0° : 
Fig. 11.31 


Motion along a space curve 


Radial and transverse components 


O 
Fig. 11.32 
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Fig. P11.184 


Fig. P11.188 
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11.182 


11.183 


11.184 


11.185 


11.186 


11.187 


11.188 


11.189 


The motion of a particle is defined by the relation x = 2¢3 — 1507 + 
24t + 4, where x and ¢ are expressed in meters and seconds, respec- 
tively. Determine (a) when the velocity is zero, (b) the position and 
the total distance traveled when the acceleration is zero. 


The acceleration of a particle is defined by the relation a = 
—60x !°, where a and x are expressed in m/s” and meters, respec- 
tively. Knowing that the particle starts with no initial velocity at 
x = 4m, determine the velocity of the particle when (a) x = 2 m, 
(b) x = 1m, (c) x = 100 mm. 


A projectile enters a resisting medium at x = 0 with an initial 
velocity vy) = 900 ft/s and travels 4 in. before coming to rest. 
Assuming that the velocity of the projectile is defined by the rela- 
tion v = v9 — kx, where v is expressed in ft/s and x is in feet, 
determine (a) the initial acceleration of the projectile, (b) the time 
required for the projectile to penetrate 3.9 in. into the resisting 
medium. 


A freight elevator moving upward with a constant velocity of 6 ft/s 
passes a passenger elevator which is stopped. Four seconds later 
the passenger elevator starts upward with a constant acceleration 
of 2.4 ft/s. Determine (a) when and where the elevators will 
be at the same height, (b) the speed of the passenger elevator at 
that time. 


Block C starts from rest at t = 0 and moves upward with a constant 
acceleration of 25 mm/s”. Knowing that block A moves downward 
with a constant velocity of 75 mm/s, determine (a) the time for 
which the velocity of block B is zero, (b) the corresponding position 
of block B. 


The three blocks shown move with constant velocities. Find the 
velocity of each block, knowing that the relative velocity of A with 
respect to C is 300 mm/s upward and that the relative velocity of 
B with respect to A is 200 mm/s downward. 


An oscillating water sprinkler at point A rests on an incline which 
forms an angle a with the horizontal. The sprinkler discharges 
water with an initial velocity vp at an angle ¢ with the vertical which 
varies from —dp to +9. Knowing that vp = 30 ft/s, dy = 40°, and 
a = 10°, determine the horizontal distance between the sprinkler 
and points B and C which define the watered area. 


As the driver of an automobile travels north at 25 km/h in a park- 
ing lot, he observes a truck approaching from the northwest. After 
he reduces his speed to 15 km/h and turns so that he is traveling 
in a northwest direction, the truck appears to be approaching from 
the west. Assuming that the velocity of the truck is constant during 
the period of observation, determine the magnitude and the direc- 
tion of the velocity of the truck. 


11.190 The driver of an automobile decreases her speed at a constant rate 


11.191 


from 45 to 30 mi/h over a distance of 750 ft along a curve of 
1500-ft radius. Determine the magnitude of the total acceleration 
of the automobile after the automobile has traveled 500 ft along 
the curve. 


A homeowner uses a snowblower to clear his driveway. Knowing 
that the snow is discharged at an average angle of 40° with the 
horizontal, determine the initial velocity vy of the snow. 


Fig. P11.191 


11.192 From measurements of a photograph, it has been found that as the 


11.193 


stream of water shown left the nozzle at A, it had a radius of cur- 
vature of 25 m. Determine (a) the initial velocity v4 of the stream, 
(b) the radius of curvature of the stream as it reaches its maximum 
height at B. 


At the bottom of a loop in the vertical plane an airplane has a 
horizontal velocity of 150 m/s and is speeding up at a rate of 
25 m/s”. The radius of curvature of the loop is 2000 m. The plane 


is being tracked by radar at O. What are the recorded values of fr, 
r, 0 and @ for this instant? 


2000 m 


600 m 


Fig. P11.193 


Fig. P11.192 
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11.€1 The mechanism shown is known as a Whitworth quick-return 
mechanism. The input rod AP rotates at a constant rate @, and the pin P 
is free to slide in the slot of the output rod BD. Plot 6 versus ¢ and 0 
versus ¢@ for one revolution of rod AP. Assume @ = 1 rad/s, | = 4 in., and 


(a) b = 2.5 in., (b) b = 3 in, (c) b = 3.5 in. 


11.€2 A ball is dropped with a velocity vp at an angle a with the vertical 
onto the top step of a flight of stairs consisting of 8 steps. The ball rebounds 
and bounces down the steps as shown. Each time the ball bounces, at points 
A, B, C,..., the horizontal component of its velocity remains constant and 
the magnitude of the vertical component of its velocity is reduced by 
k percent. Use computational software to determine (qa) if the ball bounces 
down the steps without skipping any step, (D) if the ball bounces down the 
steps without bouncing twice on the same step, (c) the first step on which 
the ball bounces twice. Use values of vp from 1.8 m/s to 3.0 m/s in 0.6-m/s 
Fig. P11.C1 increments, values of a from 18° to 26° in 4° increments, and values of k 
equal to 40 and 50. 


0.15 m 


<—0.3 m —}— 0.3 m > Pa eee 
Fig. P11.C2 


11.€3 In an amusement park ride, “airplane” A is attached to the 10-m- 
long rigid member OB. To operate the ride, the airplane and OB are rotated 
so that 70° = @) = 130° and then are allowed to swing freely about O. The 
airplane is subjected to the acceleration of gravity and to a deceleration due 
to air resistance, —kv”, which acts in a direction opposite to that of its veloc- 
ity v. Neglecting the mass and the aerodynamic drag of OB and the friction 
in the bearing at O, use computational software or write a computer pro- 
gram to determine the speed of the airplane for given values of 0) and 0 
and the value of @ at which the airplane first comes to rest after being 
released. Use values of 0) from 70° to 130° in 30° increments, and deter- 
mine the maximum speed of the airplane and the first two values of 6 at 
which v = 0. For each value of 6, let (a) k = 0, (b) k = 2 X 104 m1, 
(c)k = 4 X 10°? m1. (Hint: Express the tangential acceleration of the 
Fig. P11.C3 airplane in terms of g, k, and @. Recall that vy = r@.) 
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11.€4 A motorist traveling on a highway at a speed of 60 mi/h exits onto 
an ice-covered exit ramp. Wishing to stop, he applies his brakes until his 
automobile comes to rest. Knowing that the magnitude of the total accelera- 
tion of the automobile cannot exceed 10 ft/s”, use computational software 
to determine the minimum time required for the automobile to come to 
rest and the distance it travels on the exit ramp during that time if the exit 
ramp (qa) is straight, (b) has a constant radius of curvature of 800 ft. Solve 
each part assuming that the driver applies his brakes so that dv/dt, during 
each time interval, (1) remains constant, (2) varies linearly. 


11.€5 An oscillating garden sprinkler discharges water with an initial 
velocity vo of 10 m/s. (a) Knowing that the sides but not the top of arbor 
BCDE are open, use computational software to calculate the distance d to 
the point F that will be watered for values of a from 20° to 80°. (b) Deter- 
mine the maximum value of d and the corresponding value of a. 


2.2m >\~< 3.2m > 


Fig. P11.C5 
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The forces experienced by the 
passengers on a roller coaster will 
depend on whether the roller-coaster car 
is traveling up a hill or down a hill, in 

a straight line, or along a horizontal or 
vertical curved path. The relation existing 
among force, mass, and acceleration will 


be studied in this chapter. 


Kinetics of Particles: 
Newton's Second Law 


12.1 
12.2 
12.3 


12.4 
12.5 
12.6 
12.7 


12.8 
129 
12.10 


12.11 


12.12 
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Chapter 12 Kinetics of Particles: 
Newton’s Second Law 


Introduction 

Newton's Second Law of Motion 
Linear Momentum of a Particle. 
Rate of Change of Linear 
Momentum 

Systems of Units 

Equations of Motion 

Dynamic Equilibrium 


Angular Momentum of a Particle. 


Rate of Change of Angular 
Momentum 

Equations of Motion in Terms 
of Radial and Transverse 
Components 

Motion Under a Central Force. 
Conservation of Angular 
Momentum 

Newton's Law of Gravitation 
Trajectory of a Particle Under a 
Central Force 

Application to Space Mechanics 
Kepler's Laws of Planetary 
Motion 


12.1 INTRODUCTION 


Newton's first and third laws of motion were used extensively in statics 
to study bodies at rest and the forces acting upon them. These two 
laws are also used in dynamics; in fact, they are sufficient for the study 
of the motion of bodies which have no acceleration. However, when 
bodies are accelerated, ie., when the magnitude or the direction of 
their velocity changes, it is necessary to use Newton's second law of 
motion to relate the motion of the body with the forces acting on it. 

In this chapter we will discuss Newton's second law and apply 
it to the analysis of the motion of particles. As we state in Sec. 12.2, 
if the resultant of the forces acting on a particle is not zero, the 
particle will have an acceleration proportional to the magnitude of 
the resultant and in the direction of this resultant force. Moreover, 
the ratio of the magnitudes of the resultant force and of the accelera- 
tion can be used to define the mass of the particle. 

In Sec. 12.3, the linear momentum of a particle is defined as 
the product L = mv of the mass m and velocity v of the particle, 
and it is demonstrated that Newton’s second law can be expressed 
in an alternative form relating the rate of change of the linear 
momentum with the resultant of the forces acting on that particle. 

Section 12.4 stresses the need for consistent units in the solu- 
tion of dynamics problems and provides a review of the International 
System of Units (SI units) and the system of U.S. customary units. 

In Secs. 12.5 and 12.6 and in the Sample Problems which fol- 
low, Newton’s second law is applied to the solution of engineering 
problems, using either rectangular components or tangential and 
normal components of the forces and accelerations involved. We 
recall that an actual body—including bodies as large as a car, rocket, 
or airplane—can be considered as a particle for the purpose of ana- 
lyzing its motion as long as the effect of a rotation of the body about 
its mass center can be ignored. 

The second part of the chapter is devoted to the solution of 
problems in terms of radial and transverse components, with particu- 
lar emphasis on the motion of a particle under a central force. In 
Sec. 12.7, the angular momentum Ho of a particle about a point O 
is defined as the moment about O of the linear momentum of the 
particle: Hp = r X mv. It then follows from Newton’s second law 
that the rate of change of the angular momentum Ho of a particle 
is equal to the sum of the moments about O of the forces acting on 
that particle. 

Section 12.9 deals with the motion of a particle under a central 
force, i.e., under a force directed toward or away from a fixed point O. 
Since such a force has zero moment about O, it follows that the 
angular momentum of the particle about O is conserved. This prop- 
erty greatly simplifies the analysis of the motion of a particle under 
a central force; in Sec. 12.10 it is applied to the solution of problems 
involving the orbital motion of bodies under gravitational 
attraction. 

Sections 12.11 through 12.13 are optional. They present a more 
extensive discussion of orbital motion and contain a number of prob- 
lems related to space mechanics. 


12.2 NEWTON’S SECOND LAW OF MOTION 12.2 Newton's Second Law of Motion 693 


Newton's second law can be stated as follows: —> 
If the resultant force acting on a particle is not zero, the particle gs 
will have an acceleration proportional to the magnitude of the resul- F 


tant and in the direction of this resultant force. 

Newton’s second law of motion is best understood by imagining 
the following experiment: A particle is subjected to a force F, of 
constant direction and constant magnitude F). Under the action of ba 
that force, the particle is observed to move in a straight line and in F; 
the direction of the force (Fig. 12.1a). By determining the position 
of the particle at various instants, we find that its acceleration has a (b) 
constant magnitude a. If the experiment is repeated with forces Fs, 
F;, ... , of different magnitude or direction (Fig. 12.1b and c), we 
find each time that the particle moves in the direction of the force 
acting on it and that the magnitudes aj, dg, a3, . . . , of the accelera- 
tions are proportional to the magnitudes F\, F, F3, .. . , of the cor- 
responding forces: 


Fy Fy PF, 
ay dg a3 


constant 


The constant value obtained for the ratio of the magnitudes of 
the forces and accelerations is a characteristic of the particle under 
consideration; it is called the mass of the particle and is denoted by m. 
When a particle of mass m is acted upon by a force F, the force F and 
the acceleration a of the particle must therefore satisfy the relation 


(12.1) 


| Fema 


This relation provides a complete formulation of Newton's second law; 
it expresses not only that the magnitudes of F and a are proportional 
but also (since m is a positive scalar) that the vectors F and a have 
the same direction (Fig. 12.2). We should note that Eq. (12.1) still 
holds when F is not constant but varies with time in magnitude or 
direction. The magnitudes of F and a remain proportional, and the 
two vectors have the same direction at any given instant. However, 
they will not, in general, be tangent to the path of the particle. 
When a particle is subjected simultaneously to several forces, 


Eq. (12.1) should be replaced by 


| =F = ma — (12.2) 
where =F represents the sum, or resultant, of all the forces acting 
on the particle. 

It should be noted that the system of axes with respect to which 
the acceleration a is determined is not arbitrary. These axes must 
have a constant orientation with respect to the stars, and their origin 
must either be attached to the sunt or move with a constant velocity 


Photo 12.1 When the racecar accelerates 
forward the rear tires have a friction force acting on 
tMore accurately, to the mass center of the solar system. them in the direction the car is moving. 
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frame of reference.+ A system of axes attached to the earth does not 
constitute a newtonian frame of reference, since the earth rotates 
with respect to the stars and is accelerated with respect to the sun. 
However, in most engineering applications, the acceleration a can be 
determined with respect to axes attached to the earth and Eqs. (12.1) 
and (12.2) used without any appreciable error. On the other hand, 
these equations do not hold if a represents a relative acceleration 
measured with respect to moving axes, such as axes attached to an 
accelerated car or to a rotating piece of machinery. 

We observe that if the resultant =F of the forces acting on the 
particle is zero, it follows from Eq. (12.2) that the acceleration a of 
the particle is also zero. If the particle is initially at rest (vy) = 0) 
with respect to the newtonian frame of reference used, it will thus 
remain at rest (v = 0). If originally moving with a velocity vo, the 
particle will maintain a constant velocity v = vo; that is, it will move 
with the constant speed vo in a straight line. This, we recall, is the 
statement of Newton’s first law (Sec. 2.10). Thus, Newton’s first law 
is a particular case of Newton's second law and can be omitted from 
the fundamental principles of mechanics. 


12.3 LINEAR MOMENTUM OF A PARTICLE. RATE 
OF CHANGE OF LINEAR MOMENTUM 


Replacing the acceleration a by the derivative dv/dt in Eq. (12.2), 


we write 

dv 
=F = m— 
ma 

or, since the mass m of the particle is constant, 

=F (mv) (12.3) 
= —(mv : 
dt 


The vector mv is called the linear momentum, or simply the 
momentum, of the particle. It has the same direction as the velocity 
of the particle, and its magnitude is equal to the product of the mass 

my m and the speed v of the particle (Fig. 12.3). Equation (12.3) 
Ks expresses that the resultant of the forces acting on the particle is 
je equal to the rate of change of the linear momentum of the particle. 
: It is in this form that the second law of motion was originally stated 
Fig. 12.3 by Newton. Denoting by L the linear momentum of the particle, 


L = mv (12.4) 


and by L its derivative with respect to t, we can write Eq. (12.3) in 
the alternative form 


LF=L (12.5) 


tSince stars are not actually fixed, a more rigorous definition of a newtonian frame of 
reference (also called an inertial system) is one with respect to which Eq. (12.2) holds. 


It should be noted that the mass m of the particle is assumed 
to be constant in Eqs. (12.3) to (12.5). Equation (12.3) or (12.5) 
should therefore not be used to solve problems involving the motion 
of bodies, such as rockets, which gain or lose mass. Problems of that 
type will be considered in Sec. 14.12. 

It follows from Eq. (12.3) that the rate of change of the linear 
momentum mv is zero when =F = 0. Thus, if the resultant force act- 
ing on a particle is zero, the linear momentum of the particle remains 
constant, in both magnitude and direction. This is the principle of 
conservation of linear momentum for a particle, which can be recog- 
nized as an alternative statement of Newton’s first law (Sec. 2.10). 


12.4 SYSTEMS OF UNITS 


In using the fundamental equation F = ma, the units of force, mass, 
length, and time cannot be chosen arbitrarily. If they are, the mag- 
nitude of the force F required to give an acceleration a to the mass 
m will not be numerically equal to the product ma; it will be only 
proportional to this product. Thus, we can choose three of the four 
units arbitrarily but must choose the fourth unit so that the equation 
F = ma is satisfied. The units are then said to form a system of 
consistent kinetic units. 

Two systems of consistent kinetic units are currently used by 
American engineers, the International System of Units (SI units?) 
and the system of U.S. customary units. Both systems were discussed 
in detail in Sec. 1.3 and are described only briefly in this section. 


International System of Units (SI Units). In this system, the 
base units are the units of length, mass, and time, and are called, 
respectively, the meter (m), the kilogram (kg), and the second (s). All 
three are arbitrarily defined (Sec. 1.3). The unit of force is a derived 
unit. It is called the newton (N) and is defined as the force which 
gives an acceleration of 1 m/s” to a mass of 1 kg (Fig. 12.4). From 
Eq. (12.1) we write 


LN = (1 kg)(1 m/s?) = 1 kg - m/s” 


The SI units are said to form an absolute system of units. This means 
that the three base units chosen are independent of the location 
where measurements are made. The meter, the kilogram, and the 
second may be used anywhere on the earth; they may even be used 
on another planet. They will always have the same significance. 

The weight W of a body, or force of gravity exerted on that 
body, should, like any other force, be expressed in newtons. Since a 
body subjected to its own weight acquires an acceleration equal to 
the acceleration of gravity g, it follows from Newton’s second law 
that the magnitude W of the weight of a body of mass m is 


W =mg (12.6) 


tOn the other hand, Eqs. (12.3) and (12.5) do hold in relativistic mechanics, where the 
mass m of the particle is assumed to vary with the speed of the particle. 


{SI stands for Systéme International d’Unités (French). 


a=1 m/s? 
—_—_—_——> 


==)}— 


Fig. 12.4 
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a=9.81 m/s? 


Fig. 12.5 


Fig. 12.6 


a= 1 ft/s? 


Recalling that g = 9.81 m/s”, we find that the weight of a body of 
mass 1 kg (Fig. 12.5) is 


W = (1 kg)(9.81 m/s’) = 9.81 N 


Multiples and submultiples of the units of length, mass, and 
force are frequently used in engineering practice. They are, respec- 
tively, the kilometer (km) and the millimeter (mm); the megagramt 
(Mg) and the gram (g); and the kilonewton (kN). By definition, 


1 km = 1000 m 1 mm = 0.001 m 
1 Mg = 1000 kg 1 g = 0.001 kg 
1kN = 1000 N 


The conversion of these units to meters, kilograms, and newtons, 
respectively, can be effected simply by moving the decimal point 
three places to the right or to the left. 

Units other than the units of mass, length, and time can all be 
expressed in terms of these three base units. For example, the unit 
of linear momentum can be obtained by recalling the definition of 
linear momentum and writing 


mov = (kg)(m/s) = kg - m/s 


U.S. Customary Units. Most practicing American engineers still 
commonly use a system in which the base units are the units of 
length, force, and time. These units are, respectively, the foot (ft), the 
pound (Ib), and the second (s). The second is the same as the corre- 
sponding SI unit. The foot is defined as 0.3048 m. The pound is 
defined as the weight of a platinum standard, called the standard 
pound, which is kept at the National Institute of Standards and Tech- 
nology outside Washington and the mass of which is 0.453 592 43 kg. 
Since the weight of a body depends upon the gravitational attraction 
of the earth, which varies with location, it is specified that the stan- 
dard pound should be placed at sea level and at a latitude of 45° to 
properly define a force of 1 lb. Clearly, the U.S. customary units do 
not form an absolute system of units. Because of their dependence 
upon the gravitational attraction of the earth, they are said to form 
a gravitational system of units. 

While the standard pound also serves as the unit of mass in 
commercial transactions in the United States, it cannot be so used 
in engineering computations since such a unit would not be consis- 
tent with the base units defined in the preceding paragraph. Indeed, 
when acted upon by a force of 1 |b, that is, when subjected to its 
own weight, the standard pound receives the acceleration of gravity, 
g = 32.2 ft/s? (Fig. 12.6), and not the unit acceleration required by 
Eq. (12.1). The unit of mass consistent with the foot, the pound, and 
the second is the mass which receives an acceleration of 1 ft/s” when 
a force of 1 lb is applied to it (Fig. 12.7). This unit, sometimes called 
a slug, can be derived from the equation F = ma after substituting 
1 lb and 1 ft/s? for F and a, respectively. We write 


F = ma 1 Ib = (1 slug)(1 ft/s”) 


tAlso known as a metric ton. 


and obtain 


1 slug = 1lb-s7/ft 


1 ft/s? 
Comparing Figs. 12.6 and 12.7, we conclude that the slug is a mass 
32.2 times larger than the mass of the standard pound. 

The fact that bodies are characterized in the U.S. customary 
system of units by their weight in pounds rather than by their mass 
in slugs was a convenience in the study of statics, where we were 
dealing for the most part with weights and other forces and only 
seldom with masses. However, in the study of kinetics, which involves 
forces, masses, and accelerations, it will be repeatedly necessary to 
express in slugs the mass m of a body, the weight W of which has 
been given in pounds. Recalling Eq. (12.6), we will write 

m= sig (12.7) 
g 
where g is the acceleration of gravity (g = 32.2 ft/s”). 

Units other than the units of force, length, and time can all be 
expressed in terms of these three base units. For example, the unit 
of linear momentum can be obtained by using the definition of linear 
momentum to write 


mv = (Ib - s7/ft)(ft/s) = Ib + s 


Conversion from One System of Units to Another. The con- 
version from U.S. customary units to SI units, and vice versa, was 
discussed in Sec. 1.4. You will recall that the conversion factors 
obtained for the units of length, force, and mass are, respectively, 


Length: 1 ft = 0.3048 m 
Force: 1 lb = 4.448 N 
Mass: 1 slug = 1 lb - s*/ft = 14.59 kg 


Although it cannot be used as a consistent unit of mass, the mass of 
the standard pound is, by definition, 


1 pound-mass = 0.4536 kg 


This constant can be used to determine the mass in SI units (kilo- 
grams) of a body which has been characterized by its weight in US. 
customary units (pounds). 


12.5 EQUATIONS OF MOTION 


Consider a particle of mass m acted upon by several forces. We 
recall from Sec. 12.2 that Newton’s second law can be expressed by 
the equation 


xF = ma (12.2) 


which relates the forces acting on the particle and the vector ma 
(Fig. 12.8). In order to solve problems involving the motion of a 
particle, however, it will be found more convenient to replace 
Eq. (12.2) by equivalent equations involving scalar quantities. 


Fig. 12.8 


12.5 Equations of Motion 


ma 


m 
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Photo 12.2. The pilot of a fighter aircraft will 
experience very large normal forces when taking 
a sharp turn. 


Rectangular Components. Resolving each force F and the 
acceleration a into rectangular components, we write 


X(F,i + F,j + Fk) = m(a,i + a,j + ak) 
from which it follows that 


=F, = ma, oF y = mid, =F. = ma, (12.8) 


Recalling from Sec. 11.11 that the components of the acceleration 
are equal to the second derivatives of the coordinates of the particle, 
we have 

XF,. = mt =F, = my =F, = mz (12.8’) 


Consider, as an example, the motion of a projectile. If the resis- 
tance of the air is neglected, the only force acting on the projectile 
after it has been fired is its weight W = —Wj. The equations defin- 
ing the motion of the projectile are therefore 


mx = 0 my = —W mz = 0 


and the components of the acceleration of the projectile are 


x=0O ye noe z=0 
where g is 9.81 m/s” or 32.2 ft/s”. The equations obtained can be 
integrated independently, as shown in Sec. 11.11, to obtain the veloc- 
ity and displacement of the projectile at any instant. 

When a problem involves two or more bodies, equations of 
motion should be written for each of the bodies (see Sample 
Probs. 12.3 and 12.4). You will recall from Sec. 12.2 that all accelerations 
should be measured with respect to a newtonian frame of reference. 
In most engineering applications, accelerations can be determined with 
respect to axes attached to the earth, but relative accelerations mea- 
sured with respect to moving axes, such as axes attached to an acceler- 
ated body, cannot be substituted for a in the equations of motion. 


Tangential and Normal Components. Resolving the forces and the 
acceleration of the particle into components along the tangent to the 
path (in the direction of motion) and the normal (toward the inside of 


~ ~ 
LF, an Man wa 


may, 


m 


Fig. 12.9 


the path) (Fig. 12.9), and substituting into Eq. (12.2), we obtain the 
two scalar equations 


=F, = ma; =F, = ma, (12.9) 
Substituting for a, and a, from Eqs. (11.40), we have 
dv v" 
=F, = ma =F, = Ls (12.9’) 


The equations obtained may be solved for two unknowns. 


12.6 DYNAMIC EQUILIBRIUM 


Returning to Eq. (12.2) and transposing the right-hand member, we 
write Newton's second law in the alternative form 


xF — ma = 0 (12.10) 


which expresses that if we add the vector —ma to the forces acting 
on the particle, we obtain a system of vectors equivalent to zero 
(Fig. 12.10). The vector —ma, of magnitude ma and of direction 
opposite to that of the acceleration, is called an inertia vector. The 
particle may thus be considered to be in equilibrium under the given 
forces and the inertia vector. The particle is said to be in dynamic 
equilibrium, and the problem under consideration can be solved by 
the methods developed earlier in statics. 

In the case of coplanar forces, all the vectors shown in Fig. 12.10, 
including the inertia vector, can be drawn tip-to-tail to form a closed- 
vector polygon. Or the sums of the components of all the vectors in 
Fig. 12.10, again including the inertia vector, can be equated to zero. 
Using rectangular components, we therefore write 

=F, = 0 2F, = 0 including inertia vector (12.11) 
When tangential and normal components are used, it is more conve- 
nient to represent the inertia vector by its two components —ma, and 
—ma, in the sketch itself (Fig. 12.11). The tangential component of 
the inertia vector provides a measure of the resistance the particle 
offers to a change in speed, while its normal component (also called 
centrifugal force) represents the tendency of the particle to leave its 
curved path. We should note that either of these two components may 
be zero under special conditions: (1) if the particle starts from rest, its 
initial velocity is zero and the normal component of the inertia vector 
is zero at t = 0; (2) if the particle moves at constant speed along its 
path, the tangential component of the inertia vector is zero and only 
its normal component needs to be considered. 

Because they measure the resistance that particles offer when 
we try to set them in motion or when we try to change the conditions 
of their motion, inertia vectors are often called inertia forces. The 
inertia forces, however, are not forces like the forces found in statics, 
which are either contact forces or gravitational forces (weights). 
Many people, therefore, object to the use of the word “force” when 
referring to the vector —ma or even avoid altogether the concept of 
dynamic equilibrium. Others point out that inertia forces and actual 
forces, such as gravitational forces, affect our senses in the same way 
and cannot be distinguished by physical measurements. A man riding 
in an elevator which is accelerated upward will have the feeling that 
his weight has suddenly increased; and no measurement made 
within the elevator could establish whether the elevator is truly accel- 
erated or whether the force of attraction exerted by the earth has 
suddenly increased. 

Sample problems have been solved in this text by the direct 
application of Newton's second law, as illustrated in Figs. 12.8 and 
12.9, rather than by the method of dynamic equilibrium. 
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V—ma 


Fig. 12.10 


A—ma,, 


Fig. 12.11 


Photo 12.3 The angle each rider is with respect 
to the horizontal will depend on the weight of the 
rider and the speed of rotation. 


W = 200 lb 


ma 


m = 6.21 lb-s?/ft 


Pp W = 785 N 


700 


SAMPLE PROBLEM 12.1 


A 200-Ib block rests on a horizontal plane. Find the magnitude of the force P 
required to give the block an acceleration of 10 ft/s” to the right. The coeffi- 
cient of kinetic friction between the block and the plane is px = 0.25. 


SOLUTION 
The mass of the block is 
fe ee = 6.21 lb - s*/ft 
g 32.2 ft/s 


We note that F = y,N = 0.25N and that a = 10 ft/s’. Expressing that the 
forces acting on the block are equivalent to the vector ma, we write 


4,3F,= ma: — P cos 30° — 0.25N = (6.21 lb - s*/ft)(10 ft/s”) 
IB cos.302 = 0:25Ni— 6200 Ib (1) 
ns eet = 0: N — P sin 30° — 200 lb = 0 (2) 
Solving (2) for N and substituting the result into (1), we obtain 
N = P sin 30° + 200 lb 
B cos 30° — 0.25(B sin) 302 -> 200 Ib) =62)1 Ib P= iil We 


SAMPLE PROBLEM 12.2 


An 80-kg block rests on a horizontal plane. Find the magnitude of the force P 
required to give the block an acceleration of 2.5 m/s” to the right. The coefti- 
cient of kinetic friction between the block and the plane is uy, = 0.25. 


SOLUTION 


The weight of the block is 
W = mg = (80 kg)(9.81 m/s”) = 785 N 


We note that F = y,.N = 0.25N and that a = 2.5 m/s”. Expressing that the 
forces acting on the block are equivalent to the vector ma, we write 


42F, = ma:  P cos 30° — 0.25N = (80 kg)(2.5 m/s’) 
P cos 30° — 0.25N = 200 N 
+R, = 0: N — P sin 30° — 785 N = 0 (2) 


Solving (2) for N and substituting the result into (1), we obtain 


N = P sin 30° + 785 N 
P cos 30° — 0.25(P sin 30° + 785 N) = 200 N P=535N < 


SAMPLE PROBLEM 12.3 


The two blocks shown start from rest. The horizontal plane and the pulley 
are frictionless, and the pulley is assumed to be of negligible mass. Deter- 
mine the acceleration of each block and the tension in each cord. 


| SOLUTION 


Kinematics. We note that if block A moves through x, to the right, block 
B moves down through ‘ 

XB = 9XA 
Differentiating twice with respect to t, we have 

ag 5a, (1) 


Kinetics. We apply Newton’s second law successively to block A, block B, 
and pulley C. 
Mjaa 
== Block A. Denoting by T; the tension in cord ACD, we write 
mg, = 100 kg +5 >F, = mada: T, = 100a, (2) 
Block B. Observing that the weight of block B is 


ies Wz = mpg = (300 kg)(9.81 m/s’) = 2940 N 
meg = 300 kg 


and denoting by T, the tension in cord BC, we write 
rs + VDE, = Mpap: 2940 — To — 300az 
or, substituting for ag from (1), 


2940 — Ts = 300(ba4) 


Ty rh Ts = 2940 — 150a, (3) 
C — O Pulley C. Since mg is assumed to be zero, we have 


+YSF, =] Nicde > 0: To on 2T; = 0 (4) 


Wy, = 2940 N Pipa 


Substituting for T; and T, from (2) and (3), respectively, into (4) we write 
9940 — 150a, — 2(100a,) = 0 
2940 — 350a, = 0 a, = 840 m/s? <4 
Substituting the value obtained for a, into (1) and (2), we have 


az = HOR = 3(8.40 m/s”) ap = 4.20 m/s?7 4 
T; = 100a, = (100 kg)(8.40 m/s”) T,=840N <4 


Recalling (4), we write 
Ty = 2T, Ts = 2(840 N) T,=1680N <4 
We note that the value obtained for T> is not equal to the weight of block B. 
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SAMPLE PROBLEM 12.4 


The 12-lb block B starts from rest and slides on the 30-Ib wedge A, which 
is supported by a horizontal surface. Neglecting friction, determine (a) the 
acceleration of the wedge, (b) the acceleration of the block relative to the 
wedge. 


SOLUTION 


Kinematics. We first examine the acceleration of the wedge and the accel- 
eration of the block. 


Wedge A. Since the wedge is constrained to move on the horizontal sur- 
face, its acceleration a, is horizontal. We will assume that it is directed to 


the right. 


Block B. The acceleration ag of block B can be expressed as the sum of 
the acceleration of A and the acceleration of B relative to A. We have 


ag = a, + apa 
where ag, is directed along the inclined surface of the wedge. 


Kinetics. We draw the free-body diagrams of the wedge and of the block 
and apply Newton’s second law. 


Wedge A. We denote the forces exerted by the block and the horizontal 
surface on wedge A by N, and Ng, respectively. 


+. 3F, = mada: N, sin 30° = mad, 
0.5N, = (Wi/g)a, (1) 


Block B. Using the coordinate axes shown and resolving ag into its com- 
ponents a, and apa, We write 


SAD) = iipyathe —W, sin 30° = mga, cos 30° — mpdpy, 
x BAGG B /. 


—Ws, sin 30° = (W3/g)(a,4 cos 30° — apy) 


apa = Aa Cos 30° + g sin 30° (2) 
PVE, = Mp: N, — Ws cos 30° = —mgay sin 30° 
N, — Wz cos 30° = —(W3/g)a, sin 30° (3) 


a. Acceleration of Wedge A. Substituting for N, from Eq. (1) into Eq. (3), 
we have 
2(W,a/g)a, — We cos 30° = —(Ws/g)a, sin 30° 

Solving for a, and substituting the numerical data, we write 

W. 30° 12 lb 30° : 
- a Ce a) 

2Wa + We sin 30° 2(30 Ib) + (12 Ib) sin 30° 
a, = +5.07 ft/s” a, = 5.07 fis’ > << 

b. Acceleration of Block B Relative to A. Substituting the value obtained 
for a, into Eq. (2), we have 


dpa = (5.07 ft/s?) cos 30° + (32.2 ft/s?) sin 30° 
Apa = +20.5 ft/s apa = 20.5 ft/s? 2730° ~< 


aa 


SAMPLE PROBLEM 12.5 


The bob of a 2-m pendulum describes an arc of circle in a vertical plane. If 
the tension in the cord is 2.5 times the weight of the bob for the position 
shown, find the velocity and the acceleration of the bob in that position. 


SOLUTION 


The weight of the bob is W = mg; the tension in the cord is thus 2.5 mg. 
Recalling that a, is directed toward O and assuming a, as shown, we apply 


ma, Newton's second law and obtain 
+ ZIFF, = ma;: mg sin 30° = ma; 
a,=gsin30°=+4.90m/s" a,=490m/sv < 
+ NSF, = may: 2.5 mg — mg cos 30° = ma, 


Gy = 1.634 g= +1603 m/s*>  a,= 16.03 m/s°X\ < 
Since a, = v’/p, we have v? = pa, = (2 m)(16.03 m/s”) 
v = +5.66 m/s v = 5.66 m/s 7 (up or down) “@ 


SAMPLE PROBLEM 12.6 


Determine the rated speed of a highway curve of radius p = 400 ft banked 
through an angle 6 = 18°. The rated speed of a banked highway curve is 
the speed at which a car should travel if no lateral friction force is to be 
exerted on its wheels. 


SOLUTION 


y The car travels in a horizontal circular path of radius p. The normal com- 
ponent a, of the acceleration is directed toward the center of the path; its 
magnitude is a, = v’/p, where v is the speed of the car in ft/s. The mass m 
of the car is W/g, where W is the weight of the car. Since no lateral friction 
force is to be exerted on the car, the reaction R of the road is shown per- 
pendicular to the roadway. Applying Newton’s second law, we write 


WwW 


4b = (ip ats = 
JE, = 0 Ros@-W=0 R=—— (1) 
WwW 
<>F, = ma,: R sin 0 = ae (2) 
Substituting for R from (1) into (2), and recalling that a, = v’/p, 
F Wo 2 
sd ae 3 vo = gptand 


Substituting p = 400 ft and 6 = 18° into this equation, we obtain 


vu” = (32.2 ft/s*)(400 ft) tan 18° 
vo = 64.7 ft/s v0 =441 mish <4 


703 


704 


SOLVING PROBLEMS 
JN YOUR OWN 


n the problems for this lesson, you will apply Newton’s second law of motion, 
=F = ma, to relate the forces acting on a particle to the motion of the 
particle. 


1. Writing the equations of motion. When applying Newton’s second law to the 
types of motion discussed in this lesson, you will find it most convenient to express 
the vectors F and a in terms of either their rectangular components or their tan- 
gential and normal components. 

a. When using rectangular components, and recalling from Sec. 11.11 the 
expressions found for a,, a,, and a, you will write 


YF, = mx =F, = my YF, = mz 


b. When using tangential and normal components, and recalling from 
Sec. 11.13 the expressions found for a, and a,, you will write 


2. Drawing a free-body diagram showing the applied forces and an equivalent 
diagram showing the vector ma or its components will provide you with a pictorial 
representation of Newton's second law [Sample Probs. 12.1 through 12.6]. These 
diagrams will be of great help to you when writing the equations of motion. Note 
that when a problem involves two or more bodies, it is usually best to consider 


each body separately. 


3. Applying Newton's second law. As we observed in Sec. 12.2, the acceleration 
used in the equation XF = ma should always be the absolute acceleration of the 
particle (that is, it should be measured with respect to a newtonian frame of refer- 
ence). Also, if the sense of the acceleration a is unknown or is not easily deduced, 
assume an arbitrary sense for a (usually the positive direction of a coordinate axis) 
and then let the solution provide the correct sense. Finally, note how the solutions 
of Sample Probs. 12.3 and 12.4 were divided into a kinematics portion and a kinet- 
ics portion, and how in Sample Prob. 12.4 we used two systems of coordinate axes 
to simplify the equations of motion. 


4. When a problem involves dry friction, be sure to review the relevant sections 
of Statics [Secs. 8.1 to 8.3] before attempting to solve that problem. In particular, 
you should know when each of the equations F = ,.N and F = p,N may be used. 


You should also recognize that if the motion of a system is not specified, it is nec- 
essary first to assume a possible motion and then to check the validity of that 
assumption. 


5. Solving problems involving relative motion. When a body B moves with 
respect to a body A, as in Sample Prob. 12.4, it is often convenient to express the 
acceleration of B as 


ag = ag t+ apa 


where ag,, is the acceleration of B relative to A, that is, the acceleration of B as 
observed from a frame of reference attached to A and in translation. If B is 
observed to move in a straight line, ag/4 will be directed along that line. On the 
other hand, if B is observed to move along a circular path, the relative acceleration 
az/a Should be resolved into components tangential and normal to that path. 


6. Finally, always consider the implications of any assumption you make. 
Thus, in a problem involving two cords, if you assume that the tension in one of 
the cords is equal to its maximum allowable value, check whether any require- 
ments set for the other cord will then be satisfied. For instance, will the tension 
T in that cord satisfy the relation 0 = T = T,,,,,? That is, will the cord remain taut 
and will its tension be less than its maximum allowable value? 
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PROBLEMS 


12.1 


12.2 


12.3 


12.4 


12.5 


The value of g at any latitude @ may be obtained from the formula 
g = 32.09(1 + 0.0053 sin® ¢)ft/s” 


which takes into account the effect of the rotation of the earth, 
as well as the fact that the earth is not truly spherical. Determine 
to four significant figures (a) the weight in pounds, (b) the mass 
in pounds, (c) the mass in lb - s 2/ft, at the latitudes of 0°, 45°, 60°, 
of a silver bar, the mass of which has been officially designated 
as 5 |b. 


The acceleration due to gravity on the moon is 1.62 m/s’. Deter- 
mine (a) the weight in newtons, (b) the mass in kilograms, on the 
moon, of a gold bar, the mass of which has been officially desig- 
nated as 2 kg. 


A 200-kg satellite is in a circular orbit 1500 km above the surface 
of Venus. The acceleration due, to the gravitational attraction of 
Venus at this altitude is 5.52 m/s”. Determine the magnitude of the 
linear momentum of the satellite knowing that its orbital speed is 
23.4 X 10° kwn/h. 


A spring scale A and a lever scale B having equal lever arms are 
fastened to the roof of an elevator, and identical packages are 
attached to the scales as shown. Knowing that when the elevator 
moves downward with an acceleration of 4 ft/s” the spring scale 
indicates a load of 14.1 lb, determine (a) the weight of the pack- 
ages, (b) the load indicated by the spring scale and the mass 
needed to balance the lever scale when the elevator moves upward 
with an acceleration of 4 ft/s”. 


Fig. P12.4 


A hockey player hits a puck so that it comes to rest in 9 s after 
sliding 30 m on the ice. Determine (a) the initial velocity of the 
puck, (b) the coefficient of friction between the puck and the ice. 


12.6 


12.7 


12.8 


12.9 


12.10 


12.11 


12.12 


Determine the maximum theoretical speed that an automobile 
starting from rest can reach after traveling 400 m. Assume that 
the coefficient of static friction is 0.80 between the tires and the 
pavement and that (a) the automobile has front-wheel drive and 
the front wheels support 62 percent of the automobile’s weight, 
(b) the automobile has rear-wheel drive and the rear wheels sup- 
port 43 percent of the automobile’s weight. 


In anticipation of a long 7° upgrade, a bus driver accelerates at a 
constant rate of 3 ft/s” while still on a level section of the highway. 
Knowing that the speed of the bus is 60 mi/h as it begins to climb 
the grade and that the driver does not change the setting of his 
throttle or shift gears, determine the distance traveled by the bus 
up the grade when its speed has decreased to 50 mi/h. 


If an automobile’s braking distance from 60 mph is 150 ft on level 
pavement, determine the automobile’s braking distance from 60 mph 
when it is (@) going up a 5° incline, (b) going down a 3-percent 
incline. Assume the braking force is independent of grade. 


A 20-kg package is at rest on an incline when a force P is applied 
to it. Determine the magnitude of P if 10 s is required for the 
package to travel 5 m up the incline. The static and kinetic coef 
ficients of friction between the package and the incline are both 
equal to 0.3. 


The acceleration of a package sliding at point A is 3 m/s”. Assuming 
that the coefficient of kinetic friction is the same for each section, 
determine the acceleration of the package at point B. 


Fig. P12.10 


The two blocks shown are originally at rest. Neglecting the masses 
of the pulleys and the effect of friction in the pulleys and between 
block A and the horizontal surface, determine (a) the acceleration 
of each block, (b) the tension in the cable. 


The two blocks shown are originally at rest. Neglecting the masses 
of the pulleys and the effect of friction in the pulleys and assuming 
that the coefficients of friction between block A and the horizontal 
surface are w, = 0.25 and px = 0.20, determine (a) the accelera- 
tion of each block, (b) the tension in the cable. 


Fig. P12.9 


Fig. P12.11 and P12.12 


Problems 
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12.14 


12.15 


12.16 


Fig. P12.15 and P12.16 


12.17 


The coefficients of friction between the load and the flat-bed 
trailer shown are ws, = 0.40 and py, = 0.30. Knowing that the speed 
of the rig is 45 mi/h, determine the shortest distance in which the 
rig can be brought to a stop if the load is not to shift. 


Fig. P12.13 


A tractor-trailer is traveling at 60 mi/h when the driver applies his 
brakes. Knowing that the braking forces of the tractor and the 
trailer are 3600 Ib and 13,700 Ib, respectively, determine (a) the 
distance traveled by the tractor-trailer before it comes to a stop, 
(b) the horizontal component of the force in the hitch between the 
tractor and the trailer while they are slowing down. 


17,400 Ib 


15,000 lb 


IA ey HDNIES 


Fig. P12.14 


Block A has a mass of 40 kg, and block B has a mass of 8 kg. The 
coefficients of friction between all surfaces of contact are pw, = 
0.20 and pw, = 0.15. If P = 0, determine (a) the acceleration of 
block B, (b) the tension in the cord. 


Block A has a mass of 40 kg, and block B has a mass of 8 kg. The 
coefficients of friction between all surfaces of contact are pw, = 
0.20 and py, = 0.15. If P = 40 N =, determine (a) the acceleration 
of block B, (b) the tension in the cord. 


Boxes A and B are at rest on a conveyor belt that is initially at 
rest. The belt is suddenly started in an upward direction so that 
slipping occurs between the belt and the boxes. Knowing that the 
coefficients of kinetic friction between the belt and the boxes are 
(ua = 0.30 and (ux)g = 0.32, determine the initial acceleration 
of each box. 


Fig. P12.17 


12.18 Knowing that the system shown starts from rest, find the velocity 
at t = 1.2 s of (a) collar A, (b) collar B. Neglect the masses of the 
pulleys and the effect of friction. 


12.19 


12.20 


12.21 


Fig. P12.18 


Each of the systems shown is initially at rest. Neglecting axle fric- 
tion and the masses of the pulleys, determine for each system 
(a) the acceleration of block A, (b) the velocity of block A after it 
has moved through 10 ft, (c) the time required for block A to reach 
a velocity of 20 ft/s. 


200 Ib 2200 Ib 
(1) (3) 
Fig. P12.19 


A man standing in an elevator that is moving with a constant accel- 
eration holds a 3-kg block B between two other blocks in such a 
way that the motion of B relative to A and C is impending. Know- 
ing that the coefficients of friction between all surfaces are wu, = 
0.30 and pw, = 0.25, determine (a) the acceleration of the elevator 
if it is moving upward and each of the forces exerted by the man 
on blocks A and C has a horizontal component equal to twice the 
weight of B, (b) the horizontal components of the forces exerted 
by the man on blocks A and C if the acceleration of the elevator 
is 2.0 m/s? downward. 


A package is at rest on a conveyor belt which is initially at rest. 
The belt is started and moves to the right for 1.3 s with a constant 
acceleration of 2 m/s”. The belt then moves with a constant decel- 
eration ay and comes to a stop after a total displacement of 2.2 m. 
Knowing that the coefficients of friction between the package and 
the belt are uw, = 0.35 and yp, = 0.25, determine (a) the decelera- 
tion ay of the belt, (b) the displacement of the package relative to 
the belt as the belt comes to a stop. 


Problems 


Fig. P12.20 


Fig. P12.21 
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Fig. P12.23 


12.22 To transport a series of bundles of shingles A to a roof, a contractor 


uses a motor-driven lift consisting of a horizontal platform BC 
which rides on rails attached to the sides of a ladder. The lift starts 
from rest and initially moves with a constant acceleration a, as 
shown. The lift then decelerates at a constant rate ay and comes 
to rest at D, near the top of the ladder. Knowing that the coeffi- 
cient of static friction between a bundle of shingles and the hori- 
zontal platform is 0.30, determine the largest allowable acceleration 
a, and the largest allowable deceleration a, if the bundle is not to 
slide on the platform. 


44m 


Fig. 


P12.22 


12.23 To unload a bound stack of plywood from a truck, the driver 


12.24 


first tilts the bed of the truck and then accelerates from rest. 
Knowing that the coefficients of friction between the bottom 
sheet of plywood and the bed are pw, = 0.40 and py = 0.30, 
determine (a) the smallest acceleration of the truck which will 
cause the stack of plywood to slide, (b) the acceleration of the 
truck which causes corner A of the stack to reach the end of the 
bed in 0.9 s. 


The propellers of a ship of weight W can produce a propulsive 
force Fo; they produce a force of the same magnitude but of 
opposite direction when the engines are reversed. Knowing that 
the ship was proceeding forward at its maximum speed vy when 
the engines were put into reverse, determine the distance the 
ship travels before coming to a stop. Assume that the frictional 
resistance of the water varies directly with the square of the 
velocity. 


12.25 A constant force P is applied to a piston and rod of total mass m Problems 7] ] 
to make them move in a cylinder filled with oil. As the piston 
moves, the oil is forced through orifices in the piston and exerts 
on the piston a force of magnitude kv in a direction opposite to 
the motion of the piston. Knowing that the piston starts from rest 
at t = 0 and x = 0, show that the equation relating x, v, and ¢, 
where x is the distance traveled by the piston and v is the speed Fig. P12.25 
of the piston, is linear in each of these variables. 


12.26 A spring AB of constant k is attached to a support at A and to 
acollar of mass m. The unstretched length of the spring is J. 
Knowing that the collar is released from rest at x = x and neglect- 
ing friction between the collar and the horizontal rod, determine 
the magnitude of the velocity of the collar as it passes through 


point C. 
A @ 


Ts ! 
ar 


Fig. P12.26 


12.27 Determine the maximum theoretical speed that a 2700-Ib automo- 
bile starting from rest can reach after traveling a quarter of a mile 
if air resistance is considered. Assume that the coefficient of static 
friction between the tires and the pavement is 0.70, that the auto- 
mobile has front-wheel drive, that the front wheels support 62 per- 
cent of the automobile’s weight, and that the aerodynamic drag D 
has a magnitude D = 0.01207, where D and v are expressed in 
pounds and ft/s, respectively. 


12.28 The coefficients of friction between blocks A and C and the hori- 
zontal surfaces are w, = 0.24 and px = 0.20. Knowing that m, = 
5 kg, mg = 10 kg, and me = 10 kg, determine (a) the tension in 
the cord, (b) the acceleration of each block. 


Fig. P12.28 


12.29 Solve Prob. 12.28, assuming my, = 5 kg, mg = 10 kg, and me = 
20 kg. 


71 2 Kinetics of Particles: Newton’s Second Law 12.30 


12.31 
12.32 
Fig. P12.30 and P12.31 
12.33 
12.34 
a 


Fig. P12.33 


Blocks A and B weigh 20 lb each, block C weighs 14 Ib, and 
block D weighs 16 lb. Knowing that a downward force of magni- 
tude 24 lb is applied to block D, determine (a) the acceleration of 
each block, (b) the tension in cord ABC. Neglect the weights of 
the pulleys and the effect of friction. 


Blocks A and B weigh 20 lb each, block C weighs 14 Ib, and 
block D weighs 16 lb. Knowing that a downward force of magni- 
tude 10 lb is applied to block B and that the system starts from 
rest, determine at t = 3 s the velocity (a) of D relative to A, (b) of 
C relative to D. Neglect the weights of the pulleys and the effect 
of friction. 


The 15-kg block B is supported by the 25-kg block A and is 
attached to a cord to which a 225-N horizontal force is applied 
as shown. Neglecting friction, determine (a) the acceleration of 
block A, (b) the acceleration of block B relative to A. 


Fig. P12.32 


Block B of mass 10 kg rests as shown on the upper surface of a 
22-kg wedge A. Knowing that the system is released from rest and 
neglecting friction, determine (a) the acceleration of B, (b) the 
velocity of B relative to A at t = 0.5 s. 


A 40-lb sliding panel is supported by rollers at B and C. A 25-lb 
counterweight A is attached to a cable as shown and, in cases a 
and c, is initially in contact with a vertical edge of the panel. 
Neglecting friction, determine in each case shown the acceleration 
of the panel and the tension in the cord immediately after the 
system is released from rest. 


B C B Cc B C 
(a) (b) (c) 


Fig. P12.34 


12.35 A 500-Ib crate B is suspended from a cable attached to a 40-Ib Problems 713 
trolley A which rides on an inclined I-beam as shown. Knowing 
that at the instant shown the trolley has an acceleration of 1.2 ft/s? up 
and to the right, determine (a) the acceleration of B relative to A, 
(b) the tension in cable CD. 


12.36 During a hammer thrower’s practice swings, the 7.1-kg head A of 
the hammer revolves at a constant speed v in a horizontal circle 
as shown. If p = 0.93 m and 6 = 60°, determine (a) the tension 
in wire BC, (b) the speed of the hammer’s head. 


Fig. P12.35 


Fig. P12.36 


12.37 A 450-g¢ tetherball A is moving along a horizontal circular path at 
a constant speed of 4 m/s. Determine (a) the angle @ that the cord 
forms with pole BC, (b) the tension in the cord. 


Fig. P12.37 
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12.38 


A single wire ACB of length 80 in. passes through a ring at C that 
is attached to a sphere which revolves at a constant speed v in the 
horizontal circle shown. Knowing the 0, = 60° and 4; = 30° and that 
the tension is the same in both portions of the wire, determine 


the speed v. 


Fig. P12.38, P12.39, and P12.40 


12.39 A single wire ACB passes through a ring at C that is attached to 


12.40 


12.41 


a 12-lb sphere which revolves at a constant speed v in the hori- 
zontal circle shown. Knowing that 0; = 50° and d = 30 in. and 
that the tension in both portions of the wire is 7.6 lb, determine 
(a) the angle 0, (b) the speed v. 


Two wires AC and BC are tied at C to a 7-kg sphere which revolves 
at a constant speed v in the horizontal circle shown. Knowing that 
6, = 55° and 6) = 30° and that d = 1.4 m, determine the range 
of values of v for which both wires remain taut. 


A 100-g sphere D is at rest relative to drum ABC which rotates at 
a constant rate. Neglecting friction, determine the range of the 
allowable values of the velocity v of the sphere if neither of the 
normal forces exerted by the sphere on the inclined surfaces of 
the drum is to exceed 1.1 N. 


Fig. P12.41 


*12.42 As part of an outdoor display, a 12-lb model C of the earth is 


attached to wires AC and BC and revolves at a constant speed v 
in the horizontal circle shown. Determine the range of the allow- 
able values of v if both wires are to remain taut and if the tension 
in either of the wires is not to exceed 26 lb. 


Fig. P12.42 


*12.43 The 1.2-lb flyballs of a centrifugal governor revolve at a constant 


12.44 


speed v in the horizontal circle of 6-in. radius shown. Neglecting 
the weights of links AB, BC, AD, and DE and requiring that the 
links support only tensile forces, determine the range of the allow- 
able values of v so that the magnitudes of the forces in the links 
do not exceed 17 Ib. 


A child having a mass of 22 kg sits on a swing and is held in the 
position shown by a second child. Neglecting the mass of the 
swing, determine the tension in rope AB (a) while the second child 
holds the swing with his arms outstretched horizontally, (b) imme- 
diately after the swing is released. 


Fig. P12.44 


Fig. P12.43 


Problems 


1.2 1b 
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Fig. P12.45 


12.45 


12.46 


12.47 


A 60-kg wrecking ball B is attached to a 15-m-long steel cable AB 
and swings in the vertical arc shown. Determine the tension in the 
cable (a) at the top C of the swing, (b) at the bottom D of the 
swing, where the speed of B is 4.2 m/s. 


During a high-speed chase, a 2400-Ib sports car traveling at a 
speed of 100 mi/h just loses contact with the road as it reaches the 
crest A of a hill. (a) Determine the radius of curvature p of the 
vertical profile of the road at A. (b) Using the value of p found in 
part a, determine the force exerted on a 160-lb driver by the seat of 
his 3100-Ib car as the car, traveling at a constant speed of 50 mi/h, 
passes through A. 


Fig. P12.46 


The portion of a toboggan run shown is contained in a vertical 
plane. Sections AB and CD have radii of curvature as indicated, 
and section BC is straight and forms an angle of 20° with the 
horizontal. Knowing that the coefficient of kinetic friction between 
a sled and the run is 0.10 and that the speed of the sled is 25 ft/s 
at B, determine the tangential component of the acceleration of 
the sled (a) just before it reaches B, (b) just after it passes C. 


Fig. P12.47 


12.48 


12.49 


12.50 


12.51 


A series of small packages, each with a mass of 0.5 kg, are dis- 
charged from a conveyor belt as shown. Knowing that the coeffi- 
cient of static friction between each package and the conveyor belt 
is 0.4, determine (a) the force exerted by the belt on the package 
just after it has passed point A, (b) the angle 6 defining the point 
B where the packages first slip relative to the belt. 


A 54-kg pilot flies a jet trainer in a half vertical loop of 1200-m 
radius so that the speed of the trainer decreases at a constant rate. 
Knowing that the pilot's apparent weights at points A and C are 
1680 N and 350 N, respectively, determine the force exerted on 
her by the seat of the trainer when the trainer is at point B. 


1200 m \ 


---Se 


Fig. P12.49 


A 250-g block fits inside a small cavity cut in arm OA, which 
rotates in the vertical plane at a constant rate such that v = 3 m/s. 
Knowing that the spring exerts on block B a force of magnitude 
P = 1.5 N and neglecting the effect of friction, determine the range 
of values of @ for which block B is in contact with the face of the 
cavity closest to the axis of rotation O. 


Fig. P12.50 


A curve in a speed track has a radius of 1000-ft and a rated speed 
of 120 mi/h. (See Sample Prob. 12.6 for the definition of rated 
speed.) Knowing that a racing car starts skidding on the curve 
when traveling at a speed of 180 mi/h, determine (a) the banking 
angle 0, (b) the coefficient of static friction between the tires and 
the track under the prevailing conditions, (c) the minimum speed 
at which the same car could negotiate the curve. 


Fig. P12.48 


Fig. P12.51 


Problems 
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12.52 A car is traveling on a banked road at a constant speed v. Deter- 


12.53 


12.54 


mine the range of values of v for which the car does not skid. 
Express your answer in terms of the radius r of the curve, the 
banking angle 6, and the angle of static friction @, between the 
tires and the pavement. 


Tilting trains, such as the American Flyer which will run from 
Washington to New York and Boston, are designed to travel 
safely at high speeds on curved sections of track which were 
built for slower, conventional trains. As it enters a curve, each 
car is tilted by hydraulic actuators mounted on its trucks. The 
tilting feature of the cars also increases passenger comfort by 
eliminating or greatly reducing the side force F, (parallel to the 
floor of the car) to which passengers feel subjected. For a train 
traveling at 100 mi/h on a curved section of track banked through 
an angle 0 = 6° and with a rated speed of 60 mi/h, determine 
(a) the magnitude of the side force felt by a passenger of weight W 
in a standard car with no tilt (6 = 0), (b) the required angle 
of tilt ¢ if the passenger is to feel no side force. (See Sample 
Prob. 12.6 for the definition of rated speed.) 


2a 


Fig. P12.53 and P12.54 


Tests carried out with the tilting trains described in Prob. 12.53 
revealed that passengers feel queasy when they see through the 
car windows that the train is rounding a curve at high speed, yet 
do not feel any side force. Designers, therefore, prefer to reduce, 
but not eliminate that force. For the train of Prob. 12.53, deter- 
mine the required angle of tilt @ if passengers are to feel side 
forces equal to 10% of their weights. 


12.55 


12.56 


12.57 


12.58 


12.59 


12.60 


A small, 300-g collar D can slide on portion AB of a rod which is 
bent as shown. Knowing that a = 40° and that the rod rotates 
about the vertical AC at a constant rate of 5 rad/s, determine the 
value of r for which the collar will not slide on the rod if the effect 
of friction between the rod and the collar is neglected. 


A small, 200-g collar D can slide on portion AB of a rod which is 
bent as shown. Knowing that the rod rotates about the vertical AC 
at a constant rate and that a = 30° and r = 600 mm, determine 
the range of values of the speed v for which the collar will not 
slide on the rod if the coefficient of static friction between the rod 
and the collar is 0.30. 


A small, 0.6-Ib collar D can slide on portion AB of a rod which is 
bent as shown. Knowing that r = 8 in. and that the rod rotates 
about the vertical AC at a constant rate of 10 rad/s, determine the 
smallest allowable value of the coefficient of static friction between 
the collar and the rod if the collar is not to slide when (a) a = 
15°, (b) a = 45°. Indicate for each case the direction of the impend- 
ing motion. 


A semicircular slot of 10-in. radius is cut in a flat plate which rotates 
about the vertical AD at a constant rate of 14 rad/s. A small, 0.8-Ib 
block E is designed to slide in the slot as the plate rotates. Knowing 
that the coefficients of friction are uw, = 0.35 and py = 0.25, deter- 
mine whether the block will slide in the slot if it is released in the 
position corresponding to (a) 6 = 80°, (b) 6 = 40°. Also determine 
the magnitude and the direction of the friction force exerted on the 
block immediately after it is released. 


Three seconds after a polisher is started from rest, small tufts of 
fleece from along the circumference of the 225-mm-diameter pol- 
ishing pad are observed to fly free of the pad. If the polisher is 
started so that the fleece along the circumference undergoes a con- 
stant tangential acceleration of 4 m/s”, determine (a) the speed v of 
a tuft as it leaves the pad, (b) the magnitude of the force required 
to free a tuft if the average mass of a tuft is 1.6 mg. 


Fig. P12.59 


A turntable A is built into a stage for use in a theatrical production. 
It is observed during a rehearsal that a trunk B starts to slide on 
the turntable 10 s after the turntable begins to rotate. Knowing that 
the trunk undergoes a constant tangential acceleration of 0.24 m/s”, 
determine the coefficient of static friction between the trunk and 
the turntable. 


A 
S| 
Fig. P12.55, P12.56, 
and P12.57 


Problems 


Fig. P12.58 


Fig. P12.60 
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The parallel-link mechanism ABCD is used to transport a compo- 
nent I between manufacturing processes at stations E, F, and G 
by picking it up at a station when 6 = 0 and depositing it at the 
next station when 6 = 180°. Knowing that member BC remains 
horizontal throughout its motion and that links AB and CD rotate 
at a constant rate in a vertical plane in such a way that vg = 2.2 ft/s, 
determine (a) the minimum value of the coefficient of static fric- 
tion between the component and BC if the component is not to 
slide on BC while being transferred, (b) the values of @ for which 
sliding is impending. 


Fig. P12.61 


12.62 


12.63 


Vv Screen 


Fig. P12.63 
12.64 


12.65 


Knowing that the coefficients of friction between the component 
I and member BC of the mechanism of Prob. 12.61 are uw, = 0.35 
and pu, = 0.25, determine (a) the maximum allowable constant 
speed vz if the component is not to slide on BC while being trans- 


ferred, (b) the values of @ for which sliding is impending. 


In the cathode-ray tube shown, electrons emitted by the cathode 
and attracted by the anode pass through a small hole in the anode 
and then travel in a straight line with a speed vp until they strike 
the screen at A. However, if a difference of potential V is established 
between the two parallel plates, the electrons will be subjected to 
a force F perpendicular to the plates while they travel between the 
plates and will strike the screen at point B, which is at a distance 
6 from A. The magnitude of the force F is F = eV/d, where —e is 
the charge of an electron and d is the distance between the plates. 
Derive an expression for the deflection d in terms of V, vo, the 
charge —e and the mass m of an electron, and the dimensions d, 


l, and L. 


In Prob. 12.63, determine the smallest allowable value of the ratio 
d/l in terms of e, m, vo, and V if at x = / the minimum permissible 
distance between the path of the electrons and the positive plate 
is 0.05d. 


The current model of a cathode-ray tube is to be modified so that 
the length of the tube and the spacing between the plates are 
reduced by 40 percent and 20 percent, respectively. If the size of 
the screen is to remain the same, determine the new length I’ of 
the plates assuming that all of the other characteristics of the tube 
are to remain unchanged. (See Prob. 12.63 for a description of a 
cathode-ray tube.) 


12.7 ANGULAR MOMENTUM OF A PARTICLE. RATE Ee als man. 1 
OF CHANGE OF ANGULAR MOMENTUM 


Consider a particle P of mass m moving with respect to a newtonian 
frame of reference Oxyz. As we saw in Sec. 12.3, the linear momen- 
tum of the particle at a given instant is defined as the vector mv 
obtained by multiplying the velocity v of the particle by its mass m. 
The moment about O of the vector mv is called the moment of 
momentum, or the angular momentum, of the particle about O at 
that instant and is denoted by Ho. Recalling the definition of the 
moment of a vector (Sec. 3.6) and denoting by r the position vector 
of P, we write 


Ho = r X mv (12.12) 


and note that Ho is a vector perpendicular to the plane containing 
r and mv and of magnitude 


Hp = rm sin b (12.13) 


where ¢ is the angle between r and mv (Fig. 12.12). The sense of Ho 
can be determined from the sense of mv by applying the right-hand 
rule. The unit of angular momentum is obtained by multiplying the 
units of length and of linear momentum (Sec. 12.4). With SI units, 
we have 


(m)(kg + m/s) = kg - m’/s 
With U.S. customary units, we write 
(ft)\b -s) = ft-Ib-s 


Resolving the vectors r and mv into components and applying 
formula (3.10), we write 


i j k 
Ho = x y a (12.14) 
Mv, Mv, Mv, 
The components of Ho, which also represent the moments of the 


linear momentum mv about the coordinate axes, can be obtained by 
expanding the determinant in (12.14). We have 


H, = myo, — Zby) 
H, = m(zv, — xv-) (12.15) 
H, = m(xb, — yey) 
In the case of a particle moving in the xy plane, we have z = 
v, = 0 and the components H, and H, reduce to zero. The angular 
momentum is thus perpendicular to the xy plane; it is then com- 


pletely defined by the scalar 
Ho = H, = m(Xvy — yv;) (12.16) 
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Photo 12.4 The forces on the specimens used 
in a high speed centrifuge can be described in 
terms of radial and transverse components. 


which will be positive or negative according to the sense in which 
the particle is observed to move from O. If polar coordinates are 
used, we resolve the linear momentum of the particle into radial and 
transverse components (Fig. 12.13) and write 


Ho = rmv sin d = rmvg (12.17) 


or, recalling from (11.45) that vg = ré, 


(12.18) 


Let us now compute the derivative with respect to t of the 
angular momentum Ho of a particle P moving in space. Differentiat- 
ing both members of Eq. (12.12), and recalling the rule for the dif- 
ferentiation of a vector product (Sec. 11.10), we write 


Ho =rxXmv+rxXmv=vxXmvt+rxXma 


Since the vectors v and mv are collinear, the first term of the 
expression obtained is zero; and, by Newton’s second law, ma is 
equal to the sum F of the forces acting on P. Noting that r x =F 
represents the sum 2Mo of the moments about O of these forces, 
we write 


(12.19) 


Equation (12.19), which results directly from Newton’s second 
law, states that the sum of the moments about O of the forces acting 
on the particle is equal to the rate of change of the moment of momen- 
tum, or angular momentum, of the particle about O. 


12.8 EQUATIONS OF MOTION IN TERMS OF RADIAL 
AND TRANSVERSE COMPONENTS 


Consider a particle P, of polar coordinates r and 0, which moves in 
a plane under the action of several forces. Resolving the forces and 
the acceleration of the particle into radial and transverse components 
(Fig. 12.14) and substituting into Eq. (12.2), we obtain the two scalar 
equations 


=F. = ma, =F = mag (12.20) 

Substituting for a, and a, from Eqs. (11.46), we have 
=F, = m(r — r6”) (12.21) 
DF, = m(r6 + 276) (12.22) 


The equations obtained can be solved for two unknowns. 


Equation (12.22) could have been derived from Eq. (12.19). 
Recalling (12.18) and noting that 2Mo = r=Fo, Eq. (12.19) yields 


d 53 
TLF, = qe) 


= m(r’6 + 2r7@) 
and, after dividing both members by r, 


=F, = m(r6 + 276) (12.22) 


12.9 MOTION UNDER A CENTRAL FORCE. 
CONSERVATION OF ANGULAR MOMENTUM 


When the only force acting on a particle P is a force F directed 
toward or away from a fixed point O, the particle is said to be moving 
under a central force, and the point O is referred to as the center of 
force (Fig. 12.15). Since the line of action of F passes through O, 
we must have 2Mo = 0 at any given instant. Substituting into 
Eq. (12.19), we therefore obtain 


Ho =0 

for all values of ¢ and, integrating in t, 
Ho = constant (12.23) 
We thus conclude that the angular momentum of a particle moving 
under a central force is constant, in both magnitude and direction. 


Recalling the definition of the angular momentum of a particle 
(Sec. 12.7), we write 


r X mv = Ho = constant (12.24) 


from which it follows that the position vector r of the particle P must 
be perpendicular to the constant vector Ho. Thus, a particle under 


12.9 Motion Under a Central Force. 
Conservation of Angular Momentum 


Fig. 12.15 
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Fig. 12.16 


Fig. 12.17 


Fig. 12.18 


a central force moves in a fixed plane perpendicular to Ho. The vector 
Ho and the fixed plane are defined by the initial position vector ro 
and the initial velocity vo of the particle. For convenience, let us 
assume that the plane of the figure coincides with the fixed plane of 
motion (Fig. 12.16). 

Since the magnitude Ho of the angular momentum of the par- 
ticle P is constant, the right-hand member in Eq. (12.13) must be 
constant. We therefore write 


rmo sin d = rymvo sin do (12.25) 


This relation applies to the motion of any particle under a central 
force. Since the gravitational force exerted by the sun on a planet is 
a central force directed toward the center of the sun, Eq. (12.25) is 
fundamental to the study of planetary motion. For a similar reason, 
it is also fundamental to the study of the motion of space vehicles in 
orbit about the earth. 

Alternatively, recalling Eq. (12.18), we can express the fact that 
the magnitude Ho of the angular momentum of the particle P is 
constant by writing 


mr6 = Ho = constant (12.26) 


or, dividing by m and denoting by h the angular momentum per unit 
mass Ho/m, 


r@=h (12.27) 


Equation (12.27) can be given an interesting geometric interpreta- 
tion. Observing from Fig. 12.17 that the radius vector OP sweeps 
an infinitesimal area dA = 5r° dé as it rotates through an angle do, 
and defining the areal velocity of the particle as the quotient 
dA/dt, we note that the left-hand member of Eq. (12.27) repre- 
sents twice the areal velocity of the particle. We thus conclude that 
when a particle moves under a central force, its areal velocity is 
constant. 


12.10 NEWTON’S LAW OF GRAVITATION 


As you saw in the preceding section, the gravitational force exerted 
by the sun on a planet or by the earth on an orbiting satellite is an 
important example of a central force. In this section, you will learn 
how to determine the magnitude of a gravitational force. 

In his law of universal gravitation, Newton states that two par- 
ticles of masses M and m at a distance r from each other attract each 
other with equal and opposite forces F and —F directed along the 
line joining the particles (Fig. 12.18). The common magnitude F of 
the two forces is 


F=G-, (12.28) 


where G is a universal constant, called the constant of gravitation. 
Experiments show that the value of G is (66.73 + 0.03) x 
io? m/kg - s” in SI units or approximately 34.4 x 10°° ft*7b - s* in 
U.S. customary units. Gravitational forces exist between any pair of 
bodies, but their effect is appreciable only when one of the bodies 
has a very large mass. The effect of gravitational forces is apparent in 
the cases of the motion of a planet about the sun, of satellites orbiting 
about the earth, or of bodies falling on the surface of the earth. 

Since the force exerted by the earth on a body of mass m 
located on or near its surface is defined as the weight W of the body, 
we can substitute the magnitude W = mg of the weight for F, and 
the radius R of the earth for r, in Eq. (12.28). We obtain 


GM GM 
W=mg= R? m or g= R? (12.29) 


where M is the mass of the earth. Since the earth is not truly spheri- 
cal, the distance R from the center of the earth depends upon the 
point selected on its surface, and the values of W and g will thus 
vary with the altitude and latitude of the point considered. Another 
reason for the variation of W and g with latitude is that a system of 
axes attached to the earth does not constitute a newtonian frame of 
reference (see Sec. 12.2). A more accurate definition of the weight 
of a body should therefore include a component representing the 
centrifugal force due to the rotation of the earth. Values of g at sea 
level vary from 9.781 m/s”, or 32.09 ft/s, at the equator to 9.833 m/s”, 
or 32.26 ft/s, at the poles. 

The force exerted by the earth on a body of mass m located in 
space at a distance r from its center can be found from Eq. (12.28). 
The computations will be somewhat simplified if we note that accord- 
ing to Eq. (12.29), the product of the constant of gravitation G and 
the mass M of the earth can be expressed as 


GM = gR° (12.30) 


where g and the radius R of the earth will be given their average 
values g = 9.81 m/s” and R = 6.37 X 10° m in SI units} and g = 
32.2 ft/s” and R = (3960 mi)(5280 ft/mi) in U.S. customary units. 

The discovery of the law of universal gravitation has often been 
attributed to the belief that, after observing an apple falling from a 
tree, Newton had reflected that the earth must attract an apple and 
the moon in much the same way. While it is doubtful that this inci- 
dent actually took place, it may be said that Newton would not have 
formulated his law if he had not first perceived that the acceleration 
of a falling body must have the same cause as the acceleration which 
keeps the moon in its orbit. This basic concept of the continuity of 
gravitational attraction is more easily understood today, when the gap 
between the apple and the moon is being filled with artificial earth 
satellites. 


+A formula expressing g in terms of the latitude @ was given in Prob. 12.1. 


{The value of R is easily found if one recalls that the circumference of the earth is 
2nR = 40 X 10° m. 


12.10 Newton's Law of Gravitation 
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18,820 mi/h 


240 mi 
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SAMPLE PROBLEM 12.7 


A block B of mass m can slide freely on a frictionless arm OA which rotates 
in a horizontal plane at a constant rate 09. Knowing that B is released at a 
distance rp from O, express as a function of r, (a) the component v, of the 
velocity of B along OA, (b) the magnitude of the horizontal force F exerted 
on B by the arm OA. 


SOLUTION 


Since all other forces are perpendicular to the plane of the figure, the only 
force shown acting on B is the force F perpendicular to OA. 
Equations of Motion. Using radial and transverse components, 
+7 SF, = ma;: 0 = wae = rO). ( 
+\ =F, = mag: F = m(ré@ + 2r6) (2) 
a. Component v, of Velocity. Since v, = 7, we have 
dv, — dv, dr do, 
dt dr dt "dr 
Substituting for 7 in (1), recalling that 6 = 6, and separating the variables, 

v, dv, = 6er dr 
Multiplying by 2, and integrating from 0 to v, and from rg to r, 

Ayo 2 5 12 2) 1/2 
OF =the = v7) Op = Oi = me) < 


b. Horizontal Force F. Setting 6 = 6, = 0, = v, in Eq. (2), and sub- 
stituting for v, the expression obtained in part a, 


F = 2mO(r° — 9)'"8p F = Wm6yr? — r2)'? <4 


a 


SAMPLE PROBLEM 12.8 


A satellite is launched in a direction parallel to the surface of the earth with 
a velocity of 18,820 mi/h from an altitude of 240 mi. Determine the velocity 
of the satellite as it reaches its maximum altitude of 2340 mi. It is recalled 
that the radius of the earth is 3960 mi. 


SOLUTION 


Since the satellite is moving under a central force directed toward the center O 
of the earth, its angular momentum Hp is constant. From Eq. (12.13) we have 


rmv sin ¢ = Ho = constant 
which shows that v is minimum at B, where both r and sin ¢ are maximum. 
Expressing conservation of angular momentum between A and B, 
ranw, — RNvB 


To 3960 mi + 240 mi 
=», = (18,820 mi/h 
ae horas 2 et soca a0 a 
vp = 12,550 mi/h <4 


SOLVING PROBLEMS 
JN TOUR OWN 


i this lesson we continued our study of Newton’s second law by expressing the 
force and the acceleration in terms of their radial and transverse components, 
where the corresponding equations of motion are 

=F, = ma,: =F, = m(r — r0?) 

X=Fy = mag: =F, = m(ré + 2ré) 


We introduced the moment of the momentum, or the angular momentum, Ho of 
a particle about O: 


Ho =r X mv (12.12) 


and found that Ho is constant when the particle moves under a central force with 
its center located at O. 


1. Using radial and transverse components. Radial and transverse components 
were introduced in the last lesson of Chap. 11 [Sec. 11.14]; you should review that 
material before attempting to solve the following problems. Also, our comments 
in the preceding lesson regarding the application of Newton's second law (drawing 
a free-body diagram and a ma diagram, etc.) still apply [Sample Prob. 12.7]. Finally, 
note that the solution of that sample problem depends on the application of tech- 
niques developed in Chap. 11—you will need to use similar techniques to solve 
some of the problems of this lesson. 


2. Solving problems involving the motion of a particle under a central force. 
In problems of this type, the angular momentum Ho of the particle about the 
center of force O is conserved. You will find it convenient to introduce the constant 
h = Ho/m representing the angular momentum per unit mass. Conservation of 
the angular momentum of the particle P about O can then be expressed by either 
of the following equations 


rv sind =h or ro =h 


where r and 6 are the polar coordinates of P, and ¢ is the angle that the velocity 
v of the particle forms with the line OP (Fig. 12.16). The constant h can be deter- 
mined from the initial conditions and either of the above equations can be solved 
for one unknown. 


(continued) 
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3. In space-mechanics problems involving the orbital motion of a planet about 
the sun, or a satellite about the earth, the moon, or some other planet, the central 
force F is the force of gravitational attraction; it is directed toward the center of 
force O and has the magnitude 


M 
ree (12.28) 


r 


Note that in the particular case of the gravitational force exerted by the earth, 
the product GM can be replaced by gR*, where R is the radius of the earth 
[Eq. 12.30]. 


The following two cases of orbital motion are frequently encountered: 


a. For a satellite in a circular orbit, the force F is normal to the orbit and 
you can write F = ma,; substituting for F from Eq. (12.28) and observing that 
a, =v/p = v'lr, you will obtain 

Mm v >» GM 
CG, = m— or = 
Tr r ' 

b. For a satellite in an elliptic orbit, the radius vector r and the velocity v of 
the satellite are perpendicular to each other at the points A and B which are, 
respectively, farthest and closest to the center of force O [Sample Prob. 12.8]. 
Thus, conservation of angular momentum of the satellite between these two points 
can be expressed as 


raAMv, = rgRMvB 


12.66 


12.67 


12.68 


12.69 


12.70 


12.71 


PROBLEMS 


Rod OA rotates about O in a horizontal plane. The motion of the 
300-g collar B is defined by the relations r = 300 + 100 cos (0.5 at) 
and 6 = z(t? — 32), where r is expressed in millimeters, t in seconds, 
and @ in radians. Determine the radial and transverse components 
of the force exerted on the collar when (a) t = 0, (b) t = 0.5 s. 


For the motion defined in Prob. 12.66, determine the radial and 
transverse components of the force exerted on the collar when 
t=15s. 


Rod OA oscillates about O in a horizontal plane. The motion of 
the 5-lb collar B is defined by the relations r = 10/(t + 4) and 
6 = (2/r) sin wt, where r is expressed in feet, t in seconds, and 
6 in radians. Determine the radial and transverse components of 
the force exerted on the collar when (a) t = 1 s, (b) t = 6s. 


A collar B of mass m slides on the frictionless arm AA’. The arm 
is attached to drum D and rotates about O in a horizontal plane 
at the rate @ = ct, where c is a constant. As the arm-drum assembly 
rotates, a mechanism within the drum winds in the cord so that 
the collar moves toward O with a constant speed k. Knowing that 
att = 0, r = ro, express as a function of m, c, k, ro, and t, (a) the 
tension T in the cord, (b) the magnitude of the horizontal force Q 
exerted on B by arm AA’. 


Fig. P12.69 and P12.70 


The 3-kg collar B slides on the frictionless arm AA’. The arm is 
attached to drum D and rotates about O in a horizontal plane at the 
rate 6 = 0.75t, where @ and t are expressed in rad/s and seconds, 
respectively. As the arm-drum assembly rotates, a mechanism within 
the drum releases cord so that the collar moves outward from O with 
a constant speed of 0.5 m/s. Knowing that at t = 0, r = 0, determine 
the time at which the tension in the cord is equal to the magnitude 
of the horizontal force exerted on B by arm AA’. 


The 100-g pin B slides along the slot in the rotating arm OC and 
along the slot DE which is cut in a fixed horizontal plate. Neglect- 
ing friction and knowing that rod OC rotates at the constant rate 
0) = 12 rad/s, determine for any given value of 6 (a) the radial and 
transverse components of the resultant force F exerted on pin B, 
(b) the forces P and Q exerted on pin B by rod OC and the wall 
of slot DE, respectively. 


Fig. P12.66 and P12.68 


Fig. P12.71 
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6p = 10 rad/s 


Fig. P12.72 


Fig. P12.76 


*12.72 


*12.73 


12.74 


12.75 


12.76 


12.77 


12.78 


Slider C has a weight of 0.5 Ib and may move in a slot cut in arm 
AB, which rotates at the constant rate 6) = 10 rad/s in a horizontal 
plane. The slider is attached to a spring of constant k = 2.5 lb/ft, 
which is unstretched when r = 0. Knowing that the slider is released 
from rest with no radial velocity in the position r = 18 in. and 
neglecting friction, determine for the position r = 12 in. (@) the 
radial and transverse components of the velocity of the slider, (b) the 
radial and transverse components of its acceleration, (c) the horizon- 
tal force exerted on the slider by arm AB. 


Solve Prob. 12.72, assuming that the spring is unstretched when 
slider C is located 2 in. to the left of the midpoint O of arm AB 
(r = —2 in.). 


A particle of mass m is projected from point A with an initial 
velocity vp perpendicular to line OA and moves under a central 
force F along a semicircular path of diameter OA. Observing that 
r = ro cos @ and using Eq. (12.27), show that the speed of the 
particle is ov = vo/cos” 0. 


Vv : 
m 
Vo 
a 


— 


Fig. P12.74 


For the particle of Prob. 12.74, determine the tangential compo- 
nent F’, of the central force F along the tangent to the path of the 
particle for (a) 6 = 0, (b) @ = 45°. 


A particle of mass m is projected from point A with an initial 
velocity vp perpendicular to line OA and moves under a central 
force F directed away from the center of force O. Knowing that the 
particle follows a path defined by the equation r = rpV cos 20 
and using Eq. (12.27), express the radial and transverse components 
of the velocity v of the particle as functions of 6. 


For the particle of Prob. 12.76, show (a) that the velocity of the 
particle and the central force F are proportional to the distance r 
from the particle to the center of force O, (b) that the radius of 
curvature of the path is proportional to r. 


The radius of the orbit of a moon of a given planet is equal to 
twice the radius of that planet. Denoting by p the mean density 
of the planet, show that the time required by the moon to com- 
plete one full revolution about the planet is (247/Gp)!”, where 
G is the constant of gravitation. 


12.79 


12.80 


12.81 


12.82 


12.83 


12.84 


12.85 


Show that the radius r of the orbit of a moon of a given planet can 
be determined from the radius R of the planet, the acceleration 
of gravity at the surface of the planet, and the time 7 required by 
the moon to complete one full revolution about the planet. Deter- 
mine the acceleration of gravity at the surface of the planet Jupiter 
knowing that R = 71 492 km and that 7 = 3.551 days and r = 
670.9 X 10° km for its moon Europa. 


Communication satellites are placed in a geosynchronous orbit, 
ie., in a circular orbit such that they complete one full revolution 
about the earth in one sidereal day (23.934 h), and thus appear 
stationary with respect to the ground. Determine (qa) the altitude 
of these satellites above the surface of the earth, (b) the velocity 
with which they describe their orbit. Give the answers in both SI 
and U.S. customary units. 


Determine the mass of the earth knowing that the mean radius 
of the moon’s orbit about the earth is 238,910 mi and that the 
moon requires 27.32 days to complete one full revolution about 
the earth. 


A spacecraft is placed into a polar orbit about the planet Mars at 
an altitude of 380 km. Knowing that the mean density of Mars is 
3.94 Mg/m? and that the radius of Mars is 3397 km, determine 
(a) the time 7 required for the spacecraft to complete one full 
revolution about Mars, (b) the velocity with which the spacecraft 
describes its orbit. 


A satellite is placed into a circular orbit about the planet Saturn 
at an altitude of 2100 mi. The satellite describes its orbit with a 
velocity of 54.7 X 10° mi/h. Knowing that the radius of the orbit 
about Saturn and the periodic time of Atlas, one of Saturn’s moons, 
are 85.54 X 10° mi and 0.6017 days, respectively, determine (a) the 
radius of Saturn, (b) the mass of Saturn. (The periodic time of a 
satellite is the time it requires to complete one full revolution 
about the planet.) 


The periodic times (see Prob. 12.83) of the planet Uranus’s moons 
Juliet and Titania have been observed to be 0.4931 days and 
8.706 days, respectively. Knowing that the radius of Juliet’s orbit 
is 64 360 km, determine (a) the mass of Uranus, (b) the radius of 
Titania's orbit. 


A 1200-lb spacecraft first is placed into a circular orbit about the 
earth at an altitude of 2800 mi and then is transferred to a circu- 
lar orbit about the moon. Knowing that the mass of the moon is 
0.01230 times the mass of the earth and that the radius of the 
moon is 1080 mi, determine (a) the gravitational force exerted on 
the spacecraft as it was orbiting the earth, (b) the required radius 
of the orbit of the spacecraft about the moon if the periodic times 
(see Prob. 12.83) of the two orbits are to be equal, (c) the accel- 
eration of gravity at the surface of the moon. 


Problems 
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732 Kinetics of Particles: Newton's Second Law 12.86 To place a communications satellite into a geosynchronous orbit (see 


12.87 


Fig. P12.87 


Second transfer orbit 12.88 


First transfer orbit 


Return trajectory 


Fig. P12.88 


Prob. 12.80) at an altitude of 22,240 mi above the surface of the 
earth, the satellite first is released from a space shuttle, which is in 
a circular orbit at an altitude of 185 mi, and then is propelled by an 
upper-stage booster to its final altitude. As the satellite passes through 
A, the booster’s motor is fired to insert the satellite into an elliptic 
transfer orbit. The booster is again fired at B to insert the satellite 
into a geosynchronous orbit. Knowing that the second firing increases 
the speed of the satellite by 4810 ft/s, determine (a) the speed of the 
satellite as it approaches B on the elliptic transfer orbit, (b) the 
increase in speed resulting from the first firing at A. 


22,240 mi 


Fig. P12.86 


A space vehicle is in a circular orbit of 2200-km radius around the 
moon. To transfer it to a smaller circular orbit of 2080-km radius, 
the vehicle is first placed on an elliptic path AB by reducing its 
speed by 26.3 m/s as it passes through A. Knowing that the mass 
of the moon is 73.49 X 107! kg, determine (a) the speed of the 
vehicle as it approaches B on the elliptic path, (b) the amount by 
which its speed should be reduced as it approaches B to insert it 
into the smaller circular orbit. 


Plans for an unmanned landing mission on the planet Mars called 
for the earth-return vehicle to first describe a circular orbit at an 
altitude dy = 2200 km above the surface of the planet with a velocity 
of 2771 m/s. As it passed through point A, the vehicle was to be 
inserted into an elliptic transfer orbit by firing its engine and increas- 
ing its speed by Av, = 1046 m&. As it passed through point B, at 
an altitude dg = 100 000 km, the vehicle was to be inserted into 
a second transfer orbit located in a slightly different plane, by chang- 
ing the direction of its velocity and reducing its speed by Avg = 
—22.0 m/s. Finally, as the vehicle passed through point C, at an 
altitude de = 1000 km, its speed was to be increased by Avg = 
660 m/s to insert it into its return trajectory. Knowing that the radius 
of the planet Mars is R = 3400 km, determine the velocity of the 
vehicle after completion of the last maneuver. 


12.89 


12.90 


12.91 


12.92 


12.93 


A space shuttle S and a satellite A are in the circular orbits 
shown. In order for the shuttle to recover the satellite, the shuttle 
is first placed in an elliptic path BC by increasing its speed by 
Avg = 280 ft/s as it passes through B. As the shuttle approaches 
C, its speed is increased by Ave = 260 ft/s to insert it into a 
second elliptic transfer orbit CD. Knowing that the distance from 
O to C is 4289 mi, determine the amount by which the speed of 
the shuttle should be increased as it approaches D to insert it 
into the circular orbit of the satellite. 


A 3-lb collar can slide on a horizontal rod which is free to rotate 
about a vertical shaft. The collar is initially held at A by a cord 
attached to the shaft. A spring of constant 2 lb/ft is attached to the 
collar and to the shaft and is undeformed when the collar is at A. 
As the rod rotates at the rate 9 = 16 rad/s, the cord is cut and the 
collar moves out along the rod. Neglecting friction and the mass 
of the rod, determine (a) the radial and transverse components of 
the acceleration of the collar at A, (b) the acceleration of the collar 
relative to the rod at A, (c) the transverse component of the velocity 
of the collar at B. 


For the collar of Prob. 12.90, assuming that the rod initially rotates 
at the rate 9 = 12 rad/s, determine for position B of the collar 
(a) the transverse component of the velocity of the collar, (b) the 
radial and transverse components of its acceleration, (c) the accel- 
eration of the collar relative to the rod. 


A 200-g ball A and a 400-g ball B are mounted on a horizontal 
rod which rotates freely about a vertical shaft. The balls are held 
in the positions shown by pins. The pin holding B is suddenly 
removed and the ball moves to position C as the rod rotates. 
Neglecting friction and the mass of the rod and knowing that the 
initial speed of A is vs = 2.5 m/s, determine (a) the radial and 
transverse components of the acceleration of ball B immediately 
after the pin is removed, (b) the acceleration of ball B relative to 
the rod at that instant, (c) the speed of ball A after ball B has 
reached the stop at C. 


0.4m 
ig 0.25 m 


Fig. P12.92 


A small ball swings in a horizontal circle at the end of a cord of 
length [;, which forms an angle 6, with the vertical. The cord is then 
slowly drawn through the support at O until the length of the free 
end is ls. (a) Derive a relation among |), [5, 0), and 6.. (b) If the ball 
is set in motion so that initially |, = 0.8 m and 6, = 35°, determine 
the angle 6, when /, = 0.6 m. 


Problems 


Fig. P12.89 
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*12.11 TRAJECTORY OF A PARTICLE 
UNDER A CENTRAL FORCE 


Consider a particle P moving under a central force F. We propose 
to obtain the differential equation which defines its trajectory. 
Assuming that the force F is directed toward the center of force 
O, we note that =F, and XF, reduce, respectively, to —F and zero 
in Eqs. (12.21) and (12.22). We therefore write 
m(r — r@?) = —F (12.31) 
m(ré + 276) = 0 (12.32) 
These equations define the motion of P. We will, however, replace 
Eq. (12.32) by Eq. (12.27), which is equivalent to Eq. (12.32), as can 
easily be checked by differentiating it with respect to t, but which is 
more convenient to use. We write 
, dé 
ro = 
dt 
Equation (12.33) can be used to eliminate the independent vari- 
able t from Eq. (12.31). Solving Eq. (12.33) for 6 or d6/dt, we have 


ré=h or h (12.33) 


. dd h 
06= a = 2 (12.34) 
from which it follows that 
. 6 ard? hdr afl 
vi ae fae” no (4) 28°) 
«dr ded? _ hdr 
"de dodt rdo 
or, substituting for 7 from (12.35), 
ee “| nt (4)] 
YP dol do\r 
a, We fl 
i ~ <4) (12.36) 


Substituting for @ and 7 from (12.34) and (12.36), respectively, in 
Eq. (12.31) and introducing the function u = 1/r, we obtain after 
reductions 

d*u F 

7162 +u hen (12.37) 
In deriving Eq. (12.37), the force F was assumed directed toward O. 
The magnitude F should therefore be positive if F is actually directed 
toward O (attractive force) and negative if F is directed away from 
O (repulsive force). If F is a known function of r and thus of u, 
Eq. (12.37) is a differential equation in u and 6. This differential 
equation defines the trajectory followed by the particle under the 
central force F. The equation of the trajectory can be obtained by 
solving the differential equation (12.37) for u as a function of @ and 
determining the constants of integration from the initial conditions. 


*12.12 APPLICATION TO SPACE MECHANICS 


After the last stages of their launching rockets have burned out, earth 
satellites and other space vehicles are subjected to only the gravitational 
pull of the earth. Their motion can therefore be determined from 
Eqs. (12.33) and (12.37), which govern the motion of a particle under 
a central force, after F has been replaced by the expression obtained 
for the force of gravitational attraction.t Setting in Eq. (12.37) 


GMm 


re 


F= = GMmu? 
where M = mass of earth 
m = mass of space vehicle 
r = distance from center of earth to vehicle 
u= l/r 


we obtain the differential equation 


tu = (12.38) 


where the right-hand member is observed to be a constant. 

The solution of the differential equation (12.38) is obtained by 
adding the particular solution u = GM/h" to the general solution u = 
C cos (8 — @) of the corresponding homogeneous equation (i.e., the 
equation obtained by setting the right-hand member equal to zero). 
Choosing the polar axis so that 6) = 0, we write 

Fou = 4 Coos0 (12.39) 
Equation (12.39) is the equation of a conic section (ellipse, parabola, 
or hyperbola) in the polar coordinates r and @. The origin O of the 
coordinates, which is located at the center of the earth, is a focus of 
this conic section, and the polar axis is one of its axes of symmetry 
(Fig. 12.19). 

The ratio of the constants C and GM/h" defines the eccentricity € 
of the conic section; letting 


C Ch> oan 
se = —_—_— FS CO a 
GM/h?> GM 
we can write Eq. (12.39) in the form 
1 GM 
= 12 (1 + ecos 6) (12.39’) 


This equation represents three possible trajectories. 


1. ¢ >1, or C > GM/h*: There are two values 0; and —6, of 
the polar angle, defined by cos 0; = —GM/Ch’, for which the 


tIt is assumed that the space vehicles considered here are attracted by the earth only 
and that their mass is negligible compared with the mass of the earth. If a vehicle moves 
very far from the earth, its path may be affected by the attraction of the sun, the moon, 
or another planet. 
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Photo 12.5 The Hubble telescope was carried 
into orbit by the space shuttle in 1990 (first 
geosynchronous from NASA). 


Fig. 12.19 
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Fig. 12.20 


Fig. 12.21 


Launching 


Powered flight 


right-hand member of Eq. (12.39) becomes zero. For both 
these values, the radius vector r becomes infinite; the conic 
section is a hyperbola (Fig. 12.20). 

2. ¢ = 1, or C = GMhh’: The radius vector becomes infinite for 
6 = 180°; the conic section is a parabola. 

3. © < 1, or C < GM/h’: The radius vector remains finite for 
every value of ; the conic section is an ellipse. In the particular 
case when ¢ = C = 0, the length of the radius vector is con- 
stant; the conic section is a circle. 


Let us now see how the constants C and GM/h?, which character- 
ize the trajectory of a space vehicle, can be determined from the 
vehicle’s position and velocity at the beginning of its free flight. We will 
assume that, as is generally the case, the powered phase of its flight 
has been programmed in such a way that as the last stage of the launch- 
ing rocket burns out, the vehicle has a velocity parallel to the surface 
of the earth (Fig. 12.21). In other words, we will assume that the space 
vehicle begins its free flight at the vertex A of its trajectory. t 

Denoting the radius vector and speed of the vehicle at the 
beginning of its free flight by rp and vo, respectively, we observe 
that the velocity reduces to its transverse component and, thus, that 
Uo = 109. Recalling Eq. (12.27), we express the angular momentum 
per unit mass h as 


h= 720) = Toeq (12.41) 


The value obtained for h can be used to determine the constant 
GM/h?. We also note that the computation of this constant will be 
simplified if we use the relation obtained in Sec. 12.10. 


GM = gR* (12.30) 


where R is the radius of the earth (R = 6.37 X 10° m or 3960 mi) 
and g is the acceleration of gravity at the surface of the earth. 
The constant C is obtained by setting 0 = 0, r = ro in (12.39): 
1 GM 
C=—= (12.42) 


. 3 
Tr h 


Substituting for h from (12.41), we can then easily express C in terms 
of rp and vp. 

Let us now determine the initial conditions corresponding to 
each of the three fundamental trajectories indicated above. Consid- 
ering first the parabolic trajectory, we set C equal to GM/h? in 
Eq. (12.42) and eliminate h between Eqs. (12.41) and (12.42). Solv- 
ing for v9, we obtain 


2GM 


ro 


vo = 
We can easily check that a larger value of the initial velocity corre- 
sponds to a hyperbolic trajectory and a smaller value corresponds to an 


elliptic orbit. Since the value of vp obtained for the parabolic trajectory 


tProblems involving oblique launchings will be considered in Sec. 13.9. 


is the smallest value for which the space vehicle does not return to its 
starting point, it is called the escape velocity. We write therefore 


IGM [2gR> 
Deseo = or Vese = & (12.43) 
ro ro 


if we make use of Eq. (12.30). We note that the trajectory will be 
(1) hyperbolic if vp > Ves, (2) parabolic if vp = ves, and (3) elliptic 
if vo < Vese: 

Among the various possible elliptic orbits, the one obtained 
when C = 0, the circular orbit, is of special interest. The value of the 
initial velocity corresponding to a circular orbit is easily found to be 


[cM gR® 
Vcire = es or Vcire = — (12.44) 
To i) 


if Eq. (12.30) is taken into account. We note from Fig. 12.22 that 
for values of vp larger than v,,, but smaller than v,.., point A where 
free flight begins is the point of the orbit closest to the earth; this 
point is called the perigee, while point A’, which is farthest away 
from the earth, is known as the apogee. For values of vp smaller than 
Ucire, point A is the apogee, while point A”, on the other side of the 
orbit, is the perigee. For values of vg much smaller than vg, the 
trajectory of the space vehicle intersects the surface of the earth; in 
such a case, the vehicle does not go into orbit. 

Ballistic missiles, which were designed to hit the surface of the 
earth, also travel along elliptic trajectories. In fact, we should now 
realize that any object projected in vacuum with an initial velocity vo 
smaller than v,,. will move along an elliptic path. It is only when the 
distances involved are small that the gravitational field of the earth 
can be assumed uniform and that the elliptic path can be approxi- 
mated by a parabolic path, as was done earlier (Sec. 11.11) in the 
case of conventional projectiles. 


Periodic Time. An important characteristic of the motion of an 
earth satellite is the time required by the satellite to describe its 
orbit. This time, known as the periodic time of the satellite, is denoted 
by 7. We first observe, in view of the definition of areal velocity 
(Sec. 12.9), that 7 can be obtained by dividing the area inside the 
orbit by the areal velocity. Noting that the area of an ellipse is equal 
to mab, where a and b denote the semimajor and semiminor axes, 
respectively, and that the areal velocity is equal to h/2, we write 


_ 2Qaab 
Ce, 


(12.45) 


While h can be readily determined from rp and vg in the case of 
a satellite launched in a direction parallel to the surface of the earth, 
the semiaxes a and b are not directly related to the initial conditions. 
Since, on the other hand, the values rp and 1; of r corresponding to 
the perigee and apogee of the orbit can easily be determined from 
Eq. (12.39), we will express the semiaxes a and b in terms of rp and r). 

Consider the elliptic orbit shown in Fig. 12.23. The earth’s cen- 
ter is located at O and coincides with one of the two foci of the 
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Veire < VO <V 


00 = Veire 


esc 


U0 < Veire 


Fig. 12.22 


Lat 


Fig. 12.23 
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738 Kinetics of Particles: Newton's Second Law ellipse, while the points A and A’ represent, respectively, the perigee 
and apogee of the orbit. We easily check that 


|}<—— a ——_>| rmnt+r= 2a 


and thus 

a = 4(ro + 74) (12.46) 
Recalling that the sum of the distances from each of the foci to any 
point of the ellipse is constant, we write 


O'B + BO = O'A + OA = 2a or BO =a 


On the other hand, we have CO = a — rp. We can therefore write 
ths b? = (BC) = (BO) — (COP = a? — (a — r9)? 


2 
b° = ro(2a — ro) = ror 


ry) >| 


Fig. 12.23 (repeated) and thus 


b = Vor (12.47) 


Formulas (12.46) and (12.47) indicate that the semimajor and semi- 
minor axes of the orbit are equal, respectively, to the arithmetic and 
geometric means of the maximum and minimum values of the radius 
vector. Once rp and r; have been determined, the lengths of the 
semiaxes can be easily computed and substituted for a and b in for- 
mula (12.45). 


*12.13  KEPLER’S LAWS OF PLANETARY MOTION 


The equations governing the motion of an earth satellite can be used 
to describe the motion of the moon around the earth. In that case, 
however, the mass of the moon is not negligible compared with the 
mass of the earth, and the results obtained are not entirely accurate. 

The theory developed in the preceding sections can also be 
applied to the study of the motion of the planets around the sun. 
Although another error is introduced by neglecting the forces exerted 
by the planets on one another, the approximation obtained is excel- 
lent. Indeed, even before Newton had formulated his fundamental 
theory, the properties expressed by Eq. (12.39), where M now rep- 
resents the mass of the sun, and by Eq. (12.33) had been discovered 
by the German astronomer Johann Kepler (1571-1630) from astro- 
nomical observations of the motion of the planets. 

Kepler's three laws of planetary motion can be stated as follows: 


1. Each planet describes an ellipse, with the sun located at one 
of its foci. 

2. The radius vector drawn from the sun to a planet sweeps equal 
areas in equal times. 

3. The squares of the periodic times of the planets are propor- 
tional to the cubes of the semimajor axes of their orbits. 


The first law states a particular case of the result established in 
Sec. 12.12, and the second law expresses that the areal velocity of 
each planet is constant (see Sec. 12.9). Kepler's third law can also be 
derived from the results obtained in Sec. 12.12. 


+See Prob. 12.121. 


a 36000km/h SAMPLE PROBLEM 12.9 


A satellite is launched in a direction parallel to the surface of the earth with a 
velocity of 36 900 km/h from an altitude of 500 km. Determine (a) the maxi- 
mum altitude reached by the satellite, (b) the periodic time of the satellite. 


Earth 
Maximum altitude -€¥ 


500 km 


SOLUTION 


a. Maximum Altitude. After the satellite is launched, it is subjected only 
to the gravitational attraction of the earth; its motion is thus governed by 
Eq. (12.39), 
il GM 
= ae te case (1) 
iF h 
Since the radial component of the velocity is zero at the point of launching A, 
we have h = rovo. Recalling that for the earth R = 6370 km, we compute 
ry = 6370 km + 500 km = 6870 km = 6.87 X 10°m 
‘Ge 10° 
y= sec0Glan/h = = 1005 x 10° m/s 
80 < IOs 
h = rovo = (6.87 X 10°m)(10.25 X 10°m/s) = 70.4 X 10° m?/s 
hb =A96< 10 m/s” 
Since GM = eR’, where R is the radius of the earth, we have 
GM = gR? = (9.81 m/s”) (6.37 X 10°m)? = 398 X 10 m*/s* 
398 X 10 m*/s* 
eu _ 8 aus aioe 
in 4.96 X 10° m*/s” 
Substituting this value into (1), we obtain 


a) 


1 
a 80.3 X 10°°m ! + Ccos 6 (2) 


Noting that at point A we have 6 = 0 and r = 19 = 6.87 X 10° m, we 
compute the constant C: 


1 
6.87 X 10°m 


At A’, the point on the orbit farthest from the earth, we have 6 = 180°. 
Using (2), we compute the corresponding distance rj: 


= M810 mo + Cast? CSGa8 <0? am" 


1 
— = 80.3 X 10°° m1! + (65.3 X 10°? m4) cos 180° 
Vy 


i — 66.7 ~ 10 m— 66 700 kin 
Maximum altitude = 66 700 km — 6370 km = 60 300 km “ 


b. Periodic Time. Since A and A’ are the perigee and apogee, respectively, 
of the elliptic orbit, we use Eqs. (12.46) and (12.47) and compute the semi- 
major and semiminor axes of the orbit: 


= (ry + 7) = $(6.87 + 66.7)(10°) m = 36.8 X 10°m 


b = Vror, = V(6.87)(66.7) X 10°m = 21.4 X 10°m 
Qnab ~—- 2a (36.8 X 10°m)(21.4 X 10°m) 


Pp = — 


h 70.4 X 10° m7/s 
7 = 70.3 X 10°s = 1171 mn = 19h 31 min < 


739 


740 


SOLVING IPFROBLEMS 
JN FOUR OWN 


lie this lesson, we continued our study of the motion of a particle under a central 
force and applied the results to problems in space mechanics. We found that the 
trajectory of a particle under a central force is defined by the differential equation 


du F 
Fre= aE 
dé mh*u 

where wu is the reciprocal of the distance r of the particle to the center of force 
(u = I/r), F is the magnitude of the central force F, and h is a constant equal to the 
angular momentum per unit mass of the particle. In space-mechanics problems, F 
is the force of gravitational attraction exerted on the satellite or spacecraft by the 
sun, earth, or other planet about which it travels. Substituting F = GMm/r? = 
GMmu7 into Eq. (12.37), we obtain for that case 
du GM 

Bt th = ae 

do h 


where the right-hand member is a constant. 


(12.37) 


(12.38) 


1. Analyzing the motion of satellites and spacecraft. The solution of the 
differential equation (12.38) defines the trajectory of a satellite or spacecraft. It 
was obtained in Sec. 12.12 and was given in the alternative forms 
z — =u + Ccos@ or - = _ (1+ ecos@) (12.39, 12.39’) 

r he r he 
Remember when applying these equations that @ = 0 always corresponds to the 
perigee (the point of closest approach) of the trajectory (Fig. 12.19) and that h is 
a constant for a given trajectory. Depending on the value of the eccentricity ¢, the 
trajectory will be a hyperbola, a parabola, or an ellipse. 

a. ¢ > 1: The trajectory is a hyperbola, so that for this case the spacecraft 
never returns to its starting point. 

b. « = 1: The trajectory is a parabola. This is the limiting case between 
open (hyperbolic) and closed (elliptic) trajectories. We had observed for this case 
that the velocity vp at the perigee is equal to the escape velocity v..., 


Vo = Vese = =e (12.43) 
ro 


Note that the escape velocity is the smallest velocity for which the spacecraft does 
not return to its starting point. 


c. ¢ < 1: The trajectory is an elliptic orbit. For problems involving elliptic 
orbits, you may find that the relation derived in Prob. 12.102, 


1 1 2GM 
+ — 


rm Ty h? 


will be useful in the solution of subsequent problems. When you apply this equa- 
tion, remember that rp and r, are the distances from the center of force to the 
perigee (9 = 0) and apogee (6 = 180°), respectively; that h = rovo = ryv,; and 
that, for a satellite orbiting the earth, GMeain = eR’, where R is the radius of the 
earth. Also recall that the trajectory is a circle when ¢ = 0. 


2. Determining the point of impact of a descending spacecraft. For problems 
of this type, you may assume that the trajectory is elliptic and that the initial point 
of the descent trajectory is the apogee of the path (Fig. 12.22). Note that at the 
point of impact, the distance r in Eqs. (12.39) and (12.39’) is equal to the radius 
R of the body on which the spacecraft lands or crashes. In addition, we have h = 
Rv; sin ¢;, where v; is the speed of the spacecraft at impact and @; is the angle 
that its path forms with the vertical at the point of impact. 


3. Calculating the time to travel between two points on a trajectory. For 
central force motion, the time ¢ required for a particle to travel along a portion of 
its trajectory can be determined by recalling from Sec. 12.9 that the rate at which 
area is swept per unit time by the position vector r is equal to one-half of the 
angular momentum per unit mass /h of the particle: dA/dt = h/2. It follows, since h 
is a constant for a given trajectory, that 


_ 2A 
Oh 


where A is the total area swept in the time t. 


a. In the case of an elliptic trajectory, the time required to complete one 
orbit is called the periodic time and is expressed as 
2(arab 
pre) (12.45) 
h 
where a and b are the semimajor and semiminor axes, respectively, of the ellipse 
and are related to the distances rp and r; by 


a = 3(ro + 1) and b= Vror, (12.46, 12.47) 


b. Kepler’s third law provides a convenient relation between the periodic 
times of two satellites describing elliptic orbits about the same body [Sec. 12.13]. 
Denoting the semimajor axes of the two orbits by a and ag, respectively, and the 
corresponding periodic times by 7, and 72, we have 


t 


c. In the case of a parabolic trajectory, you may be able to use the expres- 
sion given on the inside of the front cover of the book for a parabolic or a 
semiparabolic area to calculate the time required to travel between two points of 
the trajectory. 
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12.101 


A particle of mass m describes the cardioid r = ro (1 + cos 0)/2 
under a central force F directed toward the center of force O. 
Using Eq. (12.37), show that F is inversely proportional to the 
fourth power of the distance r from the particle to O. 


A particle of mass m is projected from point A with an initial 
velocity vy perpendicular to OA and moves under a central force 
F along an elliptic path defined by the equation r = ro/(2 — cos 6). 
Using Eq. (12.37), show that F is inversely proportional to the 
square of the distance r from the particle to the center of force O. 


A particle of mass m describes the path defined by the equation 
r = ro sin 6 under a central force F directed toward the center of 
force O. Using Eq. (12.37), show that F is inversely proportional 
to the fifth power of the distance r from the particle to O. 


For the particle of Prob. 12.76, and using Eq. (12.37), show that 
the central force F is proportional to the distance r from the par- 
ticle to the center of force O. 


It was observed that during the Galileo spacecratft’s first flyby of 
the earth, its minimum altitude was 960 km above the surface of 
the earth. Assuming that the trajectory of the spacecraft was para- 
bolic, determine the maximum velocity of Galileo during its first 
flyby of the earth. 


As a space probe approaching the planet Venus on a parabolic tra- 
jectory reaches point A closest to the planet, its velocity is decreased 
to insert it into a circular orbit. Knowing that the mass and the 
radius of Venus are 4.87 X 1074 kg and 6052 km, respectively, 
determine (a) the velocity of the probe as it approaches A, (b) the 
decrease in velocity required to insert it into the circular orbit. 


12.100 It was observed that during its second flyby of the earth, the Galileo 


spacecraft had a velocity of 46.2 x 10° ft/s as it reached its 
minimum altitude of 188.3 mi above the surface of the earth. 
Determine the eccentricity of the trajectory of the spacecraft dur- 
ing this portion of its flight. 


It was observed that as the Galileo spacecraft reached the point 
on its trajectory closest to Io, a moon of the planet Jupiter, it was 
at a distance of 1750 mi from the center of Io and had a velocity 
of 49.4 x 10° ft/s. Knowing that the mass of Io is 0.01496 times 
the mass of the earth, determine the eccentricity of the trajectory 
of the spacecraft as it approached Io. 


12.102 A satellite describes an elliptic orbit about a planet of mass M. 
Denoting by rp and rj, respectively, the minimum and maximum 
values of the distance r from the satellite to the center of the 
planet, derive the relation 


rm TY] h? 


where / is the angular momentum per unit mass of the satellite. 


12.103 At main engine cutoff of its thirteenth flight, the space shuttle 
Discovery was in an elliptic orbit of minimum altitude 40.3 mi and 
maximum altitude 336 mi above the surface of the earth. Knowing 
that at point A the shuttle had a velocity vo parallel to the surface 
of the earth and that the shuttle was transferred to a circular orbit 
as it passed through point B, determine (a) the speed vo of the 
shuttle at A, (b) the increase in speed required at B to insert the 
shuttle into the circular orbit. 


12.104 A space probe is describing a circular orbit about a planet of radius 
R. The altitude of the probe above the surface of the planet is aR 
and its speed is vg. To place the probe in an elliptic orbit which 
will bring it closer to the planet, its speed is reduced from vo to 
Bvo, where B < 1, by firing its engine for a short interval of time. 
Determine the smallest permissible value of 8 if the probe is not 
to crash on the surface of the planet. 


12.105 As it describes an elliptic orbit about the sun, a spacecraft reaches 
a maximum distance of 202 X 10° mi from the center of the sun at 
point A (called the aphelion) and a minimum distance of 92 x 10° mi 
at point B (called the perihelion). To place the spacecraft in a 
smaller elliptic orbit with aphelion at A’ and perihelion at B’, 
where A’ and B’ are located 164.5 X 10° mi and 85.5 X 10° mi, 
respectively, from the center of the sun, the speed of the space- 
craft is first reduced as it passes through A and then is further 
reduced as it passes through B’. Knowing that the mass of the sun 
is 332.8 X 10° times the mass of the earth, determine (a) the speed 
of the spacecraft at A, (b) the amounts by which the speed of the 
spacecraft should be reduced at A and B’ to insert it into the 
desired elliptic orbit. 


@ 92 x 108 mi 
202 x 108 mi >| | 


, a, 
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85.5 x 10° mi 
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Fig. P12.110 


12.106 A space probe is to be placed in a circular orbit of 5600-mi radius 


about the planet Venus in a specified plane. As the probe reaches 
A, the point of its original trajectory closest to Venus, it is inserted 
in a first elliptic transfer orbit by reducing its speed of Avy. This 
orbit brings it to point B with a much reduced velocity. There the 
probe is inserted in a second transfer orbit located in the specified 
plane by changing the direction of its velocity and further reduc- 
ing its speed by Avg. Finally, as the probe reaches point C, it is 
inserted in the desired circular orbit by reducing its speed by Avc. 
Knowing that the mass of Venus is 0.82 times the mass of the 
earth, that ry = 9.3 X 10° mi and rg = 190 X 10° mi, and that 
the probe approaches A on a parabolic trajectory, determine by 
how much the velocity of the probe should be reduced (a) at A, 
(b) at B, (c) at C. 


12.107 For the space probe of Prob. 12.106, it is known that ry = 9.3 X 10° mi 


and that the velocity of the probe is reduced to 20,000 ft/s as it 
passes through A. Determine (a) the distance from the center of 
Venus to point B, (b) the amounts by which the velocity of the probe 
should be reduced at B and C, respectively. 


12.108 Determine the time needed for the probe of 12.106 to travel from 


12.109 


12.110 


12.111 


12.112 


12.113 


A to B on its first transfer orbit. 


The Clementine spacecraft described an elliptic orbit of minimum 
altitude h, = 400 km and maximum altitude hg = 2940 km above 
the surface of the moon. Knowing that the radius of the moon is 
1737 km and that the mass of the moon is 0.01230 times the mass 
of the earth, determine the periodic time of the spacecraft. 


A space probe in a low earth orbit is inserted into an elliptic trans- 
fer orbit to the planet Venus. Knowing that the mass of the sun is 
332.8 X 10° times the mass of the earth and assuming that the 
probe is subjected only to the gravitational attraction of the sun, 
determine the value of ¢, which defines the relative position of 
Venus with respect to the earth at the time the probe is inserted 
into the transfer orbit. 


Based on observations made during the 1996 sighting of comet 
Hyakutake, it was concluded that the trajectory of the comet is a 
highly elongated ellipse for which the eccentricity is approximately 
é = 0.999887. Knowing that for the 1996 sighting the minimum 
distance between the comet and the sun was 0.230R,, where Ry 
is the mean distance from the sun to the earth, determine the 
periodic time of the comet. 


Halley’s comet travels in an elongated elliptic orbit for which the 
minimum distance from the sun is approximately }rg, where 
rp = 150 X 10° km is the mean distance from the sun to the earth. 
Knowing that the periodic time of Halley’s comet is about 76 years, 
determine the maximum distance from the sun reached by 
the comet. 


Determine the time needed for the space probe of Prob. 12.99 to 
travel from B to C. 


12.114 A space probe is describing a circular orbit of radius nR with a 
velocity vp about a planet of radius R and center O. As the probe 
passes through point A, its velocity is reduced from vo to vp, 
where B < 1, to place the probe on a crash trajectory. Express in 
terms of n and B the angle AOB, where B denotes the point of 
impact of the probe on the planet. 


12.115 Prior to the Apollo missions to the moon, several Lunar Orbiter 
spacecraft were used to photograph the lunar surface to obtain 
information regarding possible landing sites. At the conclusion of 
each mission, the trajectory of the spacecraft was adjusted so that 
the spacecraft would crash on the moon to further study the char- 
acteristics of the lunar surface. Shown is the elliptic orbit of Lunar 
Orbiter 2. Knowing that the mass of the moon is 0.01230 times 
the mass of the earth, determine the amount by which the speed 
of the orbiter should be reduced at point B so that it impacts the 
lunar surface at point C. (Hint: Point B is the apogee of the elliptic 
impact trajectory.) 


12.116 As a spacecraft approaches the planet Jupiter, it releases a probe 
which is to enter the planet’s atmosphere at point B at an altitude of 
450 km above the surface of the planet. The trajectory of the probe 
is a hyperbola of eccentricity ¢ = 1.031. Knowing that the radius and 
the mass of Jupiter are 71.492 X 10° km and 1.9 x 107” kg, respec- 
tively, and that the velocity vg of the probe at B forms an angle 
of 82.9° with the direction of OA, determine (a) the angle AOB, 
(b) the speed vz of the probe at B. 


12.117 A space shuttle is describing a circular orbit at an altitude of 350 mi 
above the surface of the earth. As it passes through point A, it fires 
its engine for a short interval of time to reduce its speed by 500 ft/s 
and begin its descent toward the earth. Determine the angle AOB so 
that the altitude of the shuttle at point B is 75 mi. (Hint: Point A is 
the apogee of the elliptic descent trajectory.) 


12.118 A satellite describes an elliptic orbit about a planet. Denoting by 
ro and r, the distances corresponding, respectively, to the perigee 
and apogee of the orbit, show that the curvature of the orbit at 
each of these two points can be expressed as 


1 at bs a ) 
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12.119 (a) Express the eccentricity ¢ of the elliptic orbit described by a satel- 
lite about a planet in terms of the distances rp and r, corresponding, 
respectively, to the perigee and apogee of the orbit. (b) Use the result 
obtained in part a and the data given in Prob. 12.111, where Rg = 


149.6 x 10° km, to determine the approximate maximum distance 
from the sun reached by comet Hyakutake. 


12.120 Show that the angular momentum per unit mass h of a satellite 
describing an elliptic orbit of semimajor axis a and eccentricity ¢ 
about a planet of mass M can be expressed as 


h = VGMa(1 — &”) 


12.121 Derive Kepler’s third law of planetary motion from Eqs. (12.39) 
and (12.45), 
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REVIEW AND SUMMARY 


This chapter was devoted to Newton's second law and its application 
to the analysis of the motion of particles. 


Newton’s second law Denoting by m the mass of a particle, by =F the sum, or resultant, 
of the forces acting on the particle, and by a the acceleration of the 
particle relative to a newtonian frame of reference [Sec. 12.2], we 
wrote 


=F = ma (12.2) 


Linear momentum Introducing the linear momentum of a particle, L = mv [Sec. 12.3], 
we saw that Newton’s second law can also be written in the form 


SF =L (12.5) 


which expresses that the resultant of the forces acting on a particle is 
equal to the rate of change of the linear momentum of the particle. 


Consistent systems of units Equation (12.2) holds only if a consistent system of units is used. With 
SI units, the forces should be expressed in newtons, the masses in 
kilograms, and the accelerations in m/s”; with U.S. customary units, 
the forces should be expressed in pounds, the masses in lb - s°/ft (also 
referred to as slugs), and the accelerations in ft/s? [Sec. 12.4]. 


Equations of motion for a particle To solve a problem involving the motion of a particle, Eq. (12.2) should 
be replaced by equations containing scalar quantities [Sec. 12.5]. Using 
rectangular components of F and a, we wrote 


=F, = ma, af, = ma, =F. = ma, (12.8) 


Using tangential and normal components, we had 


SF, = m— SF, = mo (12.9') 


Dynamic equilibrium We also noted [Sec. 12.6] that the equations of motion of a particle 
can be replaced by equations similar to the equilibrium equations 
used in statics if a vector —ma of magnitude ma but of sense oppo- 
site to that of the acceleration is added to the forces applied to the 
particle; the particle is then said to be in dynamic equilibrium. For 
the sake of uniformity, however, all the Sample Problems were solved 
by using the equations of motion, first with rectangular components 
[Sample Probs. 12.1 through 12.4], then with tangential and normal 
components [Sample Probs. 12.5 and 12.6]. 
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In the second part of the chapter, we defined the angular momentum 
Ho of a particle about a point O as the moment about O of the linear 
momentum mv of that particle [Sec. 12.7]. We wrote 


Ho = r X mv (12.12) 


and noted that Ho is a vector perpendicular to the plane containing 
r and mv (Fig. 12.24) and of magnitude 


Ho = rmw sin f (12.13) 


Resolving the vectors r and mv into rectangular components, we 
expressed the angular momentum Ho in the determinant form 


Ho = | x y Zz (12.14) 
mv, Mv, Mv; 


In the case of a particle moving in the xy plane, we have z = 
v, = 0. The angular momentum is perpendicular to the xy plane and 
is completely defined by its magnitude. We wrote 


Ho = H:z = m(xvy = YO) (12.16) 


Computing the rate of change Ho of the angular momentum Ho, 
and applying Newton's second law, we wrote the equation 


=Mo = Ho (12.19) 


which states that the sum of the moments about O of the forces acting 
on a particle is equal to the rate of change of the angular momentum 
of the particle about O. 


In many problems involving the plane motion of a particle, it is found 
convenient to use radial and transverse components [Sec. 12.8, Sam- 
ple Prob. 12.7] and to write the equations 


LF, = mF — 16°), (12.21) 
=Fy = m(r6 + 276) (12.22) 


When the only force acting on a particle P is a force F directed 
toward or away from a fixed point O, the particle is said to be moving 
under a central force [Sec. 12.9]. Since ZMo = 0 at any given instant, 
it follows from Eq. (12.19) that Ho = 0 for all values of t and, thus, 
that 


Ho = constant (12.23) 


We concluded that the angular momentum of a particle moving under 
a central force is constant, both in magnitude and direction, and that 
the particle moves in a plane perpendicular to the vector Ho. 
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Fig. 12.25 


Newton's law of universal 
gravitation 


Orbital motion 


Recalling Eq. (12.13), we wrote the relation 
rmv sin d = romvy sin bo (12.25) 


for the motion of any particle under a central force (Fig. 12.25). 
Using polar coordinates and recalling Eq. (12.18), we also had 


r@=h (12.27) 


where h is a constant representing the angular momentum per unit 
mass, Ho/m, of the particle. We observed (Fig. 12.26) that the in- 
finitesimal area dA swept by the radius vector OP as it rotates 
through dé is equal to 5r°dé and, thus, that the left-hand mem- 
ber of Eq. (12.27) represents twice the areal velocity dA/dt of the 
particle. Therefore, the areal velocity of a particle moving under a 
central force is constant. 


Fig. 12.26 


An important application of the motion under a central force is pro- 
vided by the orbital motion of bodies under gravitational attraction 
[Sec. 12.10]. According to Newton's law of universal gravitation, two 
particles at a distance r from each other and of masses M and m, 
respectively, attract each other with equal and opposite forces F and 
—F directed along the line joining the particles (Fig. 12.27). The 
common magnitude F of the two forces is 


Mm 
e: 


FH=G 


(12.28) 


where G is the constant of gravitation. In the case of a body of mass m 
subjected to the gravitational attraction of the earth, the product GM, 
where M is the mass of the earth, can be expressed as 


GM = gR? (12.30) 
where g = 9.81 m/s” = 32.2 ft/s? and R is the radius of the earth. 


It was shown in Sec. 12.11 that a particle moving under a central 
force describes a trajectory defined by the differential equation 
du F 


Fu = 12.37 
de ‘ mh>u* 


where F > 0 corresponds to an attractive force and u = I/r. In the 
case of a particle moving under a force of gravitational attraction 
[Sec. 12.12], we substituted for F the expression given in Eq. (12.28). 
Measuring 6 from the axis OA joining the focus O to the point A of 
the trajectory closest to O (Fig. 12.28), we found that the solution 
to Eq. (12.37) was 


1 GM 
= =Su= az + Ccos 6 (12.39) 
() 


This is the equation of a conic of eccentricity ¢ = Ch7/GM. The 
conic is an ellipse if e < 1, a parabola if e« = 1, and a hyperbola if 
é > 1. The constants C and h can be determined from the initial 
conditions; if the particle is projected from point A (@ = 0, r = ro) 
with an initial velocity vp perpendicular to OA, we have h = rovo 
[Sample Prob. 12.9]. 


It was also shown that the values of the initial velocity corresponding, 
respectively, to a parabolic and a circular trajectory were 


2 
Desc = cM (12.43) 
ro 
Vcire = = (12.44) 
ro 


and that the first of these values, called the escape velocity, is the 
smallest value of vp for which the particle will not return to its starting 
point. 


The periodic time 7 of a planet or satellite was defined as the time 
required by that body to describe its orbit. It was shown that 


= 2arab 
h 


(12.45) 


T 


where h = rgvo and where a and b represent the semimajor and 
semiminor axes of the orbit. It was further shown that these semiaxes 
are respectively equal to the arithmetic and geometric means of the 
maximum and minimum values of the radius vector r. 


The last section of the chapter [Sec. 12.13] presented Kepler's laws 
of planetary motion and showed that these empirical laws, obtained 
from early astronomical observations, confirm Newton’s laws of 
motion as well as his law of gravitation. 


Fig. 12.28 
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REVIEW PROBLEMS 


Fig. P12.124 


Fig. P12.125 


12.122 A 3000-lb automobile is being driven down a 5° incline at a speed 


of 50 mi/h when the brakes are applied, causing a total braking force 
of 1200 lb to be applied to the automobile. Determine the distance 
traveled by the automobile before it comes to a stop. 


12.123 A 6-kg block B rests as shown on a 10-kg bracket A. The coeffi- 


cients of friction are uw, = 0.30 and yu, = 0.25 between block B 
and bracket A, and there is no friction in the pulley or between 
the bracket and the horizontal surface. (a2) Determine the maximum 
mass of block C if block B is not to slide on bracket A. (b) If the 
mass of block C is 10% larger than the answer found in a deter- 
mine the accelerations of A, B, and C. 


12.124 Block A weighs 20 Ib, and blocks B and C weigh 10 lb each. Know- 


12.125 


ing that the blocks are initially at rest and that B moves through 
8 ft in 2 s, determine (a) the magnitude of the force P, (b) the 
tension in the cord AD. Neglect the masses of the pulleys and 
axle friction. 


A 12-lb block B rests as shown on the upper surface of a 30-lb 
wedge A. Neglecting friction, determine immediately after the 
system is released from rest (a) the acceleration of A, (b) the accel- 
eration of B relative to A. 


12.126 The roller-coaster track shown is contained in a vertical plane. The 


portion of track between A and B is straight and horizontal, while 
the portions to the left of A and to the right of B have radii of 
curvature as indicated. A car is traveling at a speed of 72 km/h 
when the brakes are suddenly applied, causing the wheels of the 
car to slide on the track (4; = 0.25). Determine the initial decel- 
eration of the car if the brakes are applied as the car (a) has almost 
reached A, (b) is traveling between A and B, (c) has just passed B. 


Fig. P12.126 


12.127 A small 200-g collar C can slide on a semicircular rod which is 


12.128 


made to rotate about the vertical AB at the constant rate of 6 rad/s. 
Determine the minimum required value of the coefficient of static 
friction between the collar and the rod if the collar is not to slide 
when (a) 6 = 90°, (b) 6 = 75°, (c) @ = 45°. Indicate in each case 
the direction of the impending motion. 


Pin B weighs 4 oz and is free to slide in a horizontal plane along 
the rotating arm OC and along the circular slot DE of radius 
b = 20 in. Neglecting friction and assuming that @ = 15 rad/s and 
6 = 250 rad/s” for the position @ = 20°, determine for that position 
(a) the radial and transverse components of the resultant force 
exerted on pin B, (b) the forces P and Q exerted on pin B, respec- 
tively, by rod OC and the wall of slot DE. 


Fig. P12.128 


12.129 A particle of mass m is projected from point A with an initial 


velocity vy perpendicular to OA and moves under a central force 
F directed away from the center of force O. Knowing that the 
particle follows a path defined by the equation r = ro/cos 26, and 
using Eq. (12.27), express the radial and transverse components of 
the velocity v of the particle as functions of the angle 0. 


Fig. P12.129 


12.130 Show that the radius r of the moon’s orbit can be determined 


from the radius R of the earth, the acceleration of gravity g at the 
surface of the earth, and the time 7 required for the moon to 
complete one full revolution about the earth. Compute r knowing 
that 7 = 27.3 days, giving the answer in both SI and U.S. custom- 
ary units. 


Fig. P12.127 
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752 Kinetics of Particles: Newton's Second Law *12.131 Disk A rotates in a horizontal plane about a vertical axis at the 
constant rate 09 = 12 rad/s. Slider B weighs 8.05 oz and moves 
in a frictionless slot cut in the disk. The slider is attached to a 
spring of constant k, which is undeformed when r = 0. Knowing 
that the slider is released with no radial velocity in the position 
r = 15 in., determine the position of the slider and the horizontal 
force exerted on it by the disk at t = 0.1 s for (a) k = 2.25 lb/ft, 
(b) k = 3.25 lb/ft. 


Fig. P12.131 


12.132 It was observed that as the Voyager I spacecraft reached the point 
of its trajectory closest to the planet Saturn, it was at a distance of 
185 X 10° km from the center of the planet and had a velocity of 
21.0 km/s. Knowing that Tethys, one of Saturn’s moons, describes a 
circular orbit of radius 295 X 10° km at a speed of 11.35 kné, 
determine the eccentricity of the trajectory of Voyager I on its 
approach to Saturn. 


12.133 At engine burnout on a mission, a shuttle had reached point A at an 
altitude of 40 mi above the surface of the earth and had a horizontal 
velocity vo. Knowing that its first orbit was elliptic and that the 
shuttle was transferred to a circular orbit as it passed through point B 
at an altitude of 170 mi, determine (a) the time needed for the 
shuttle to travel from A to B on its original elliptic orbit, (b) the 
periodic time of the shuttle on its final circular orbit. 


50 mi 170 mi 
Fig. P12.133 


COMPUTER PROBLEMS 


12.€1 Block B of mass 10 kg is initially at rest as shown on the upper 
surface of a 20-kg wedge A which is supported by a horizontal surface. A 
2-kg block C is connected to block B by a cord which passes over a pulley 
of negligible mass. Using computational software and denoting by mw the 
coefficient of friction at all surfaces, use this program to determine the accel- 
erations for values of 44 = 0. Use 0.01 increments for ws until the wedge does 
not move and then use 0.1 increments until no motion occurs. 


12.€2 A small, 1-lb block is at rest at the top of a cylindrical surface. The 
block is given an initial velocity vg to the right of magnitude 10 ft/s, which 
causes it to slide on the cylindrical surface. Using computational software 
calculate and plot the values of @ at which the block leaves the surface for 
values of py, the coefficient of kinetic friction between the block and the 
surface, from 0 to 0.4. 


12.€3 A block of mass m is attached to a spring of constant k. The block is 
released from rest when the spring is in a horizontal and undeformed position. 
Use computational software to determine, for various selected values of k/m 
and ro, (a) the length of the spring and the magnitude and direction of the 
velocity of the block as the block passes directly under the point of suspension 
of the spring, (b) the value of k/m when rp = 1 m for which that velocity is 
horizontal. 


|< ro i 


Fig. P12.C3 


12.€4 Use computational software to determine the ranges of values of 0 
for which the block E of Prob. 12.58 will not slide in the semicircular slot of 
the flat plate. Assuming a coefficient of static friction of 0.35, determine the 
ranges of values when the constant rate of rotation of the plate is (a) 14 rad/s, 


(b) 2 rad/s. 


12.€5 Use computational software to determine the time required by a 
spacecraft to travel between two points on its trajectory, given the distance 
to either the apogee or the perigee of the trajectory and the speed of the 
spacecraft at that point. Use this program to determine (a) the time required 
by Lunar Orbiter 2 in Prob. 12.115 to travel between points B and C on its 
impact trajectory, knowing that the speed of the orbiter is 869.4 m/s as it 
begins its descent at B, (b) the time required by the space shuttle in Prob. 
12.117 to travel between points A and B on its landing trajectory, knowing 
that the speed of the shuttle is 24,371 ft/s as it begins its descent at A. 


Fig. P12.C1 


Fig. P12.C2 


753 


A golf ball will deform upon impact as 
shown by this high speed photo. The 
maximum deformation will occur when 
the club head velocity and the ball 
velocity are the same. In this chapter 
impacts will be analyzed using the 
coefficient of restitution and 
conservation of linear momentum. 

The kinetics of particles using energy 
and momentum methods is the subject 


of this chapter. 


Kinetics of Particles: Energy and 
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Chapter 13 Kinetics of Particles: 
Energy and Momentum Methods 


Introduction 

Work of a Force 

Kinetic Energy of a Particle. 
Principle of Work and Energy 
Applications of the Principle of 
Work and Energy 

Power and Efficiency 

Potential Energy 

Conservative Forces 
Conservation of Energy 
Motion Under a Conservative 
Central Force. Application to 
Space Mechanics 

Principle of Impulse and 
Momentum 

Impulsive Motion 

Impact 

Direct Central Impact 
Oblique Central Impact 
Problems Involving Energy and 
Momentum 


13.1 INTRODUCTION 


In the preceding chapter, most problems dealing with the motion of 
particles were solved through the use of the fundamental equation 
of motion F = ma. Given a particle acted upon by a force F, we 
could solve this equation for the acceleration a; then, by applying 
the principles of kinematics, we could determine from a the velocity 
and position of the particle at any time. 

Using the equation F = ma together with the principles of 
kinematics allows us to obtain two additional methods of analysis, the 
method of work and energy and the method of impulse and momen- 
tum. The advantage of these methods lies in the fact that they make 
the determination of the acceleration unnecessary. Indeed, the 
method of work and energy directly relates force, mass, velocity, and 
displacement, while the method of impulse and momentum relates 
force, mass, velocity, and time. 

The method of work and energy will be considered first. In 
Secs. 13.2 through 13.4, the work of a force and the kinetic energy 
of a particle are discussed and the principle of work and energy is 
applied to the solution of engineering problems. The concepts of 
power and efficiency of a machine are introduced in Sec. 13.5. 

Sections 13.6 through 13.8 are devoted to the concept of poten- 
tial energy of a conservative force and to the application of the prin- 
ciple of conservation of energy to various problems of practical 
interest. In Sec. 13.9, the principles of conservation of energy and 
of conservation of angular momentum are used jointly to solve prob- 
lems of space mechanics. 

The second part of the chapter is devoted to the principle of 
impulse and momentum and to its application to the study of the 
motion of a particle. As you will see in Sec. 13.11, this principle is 
particularly effective in the study of the impulsive motion of a particle, 
where very large forces are applied for a very short time interval. 

In Secs. 13.12 through 13.14, the central impact of two bodies 
will be considered. It will be shown that a certain relation exists 
between the relative velocities of the two colliding bodies before and 
after impact. This relation, together with the fact that the total 
momentum of the two bodies is conserved, can be used to solve a 
number of problems of practical interest. 

Finally, in Sec. 13.15, you will learn to select from the three 
fundamental methods presented in Chaps. 12 and 13 the method 
best suited for the solution of a given problem. You will also see how 
the principle of conservation of energy and the method of impulse 
and momentum can be combined to solve problems involving only 
conservative forces, except for a short impact phase during which 
impulsive forces must also be taken into consideration. 


13.2 WORK OF A FORCE 


We will first define the terms displacement and work as they are 
used in mechanics.+ Consider a particle which moves from a point 
+The definition of work was given in Sec. 10.2, and the basic properties of the work of 


a force were outlined in Secs. 10.2 and 10.6. For convenience, we repeat here the 
portions of this material which relate to the kinetics of particles. 


Fig. 13.1 


A to a neighboring point A’ (Fig. 13.1). If r denotes the position 
vector corresponding to point A, the small vector joining A and A’ 
can be denoted by the differential dr; the vector dr is called the 
displacement of the particle. Now, let us assume that a force F is 
acting on the particle. The work of the force F corresponding to the 
displacement dr is defined as the quantity 


dU =F -+dr (13.1) 


obtained by forming the scalar product of the force F and the dis- 
placement dr. Denoting by F and ds respectively, the magnitudes of 
the force and of the displacement, and by a the angle formed by F 
and dr, and recalling the definition of the scalar product of two vec- 
tors (Sec. 3.9), we write 


dU = F ds cosa (13.1’) 


Using formula (3.30), we can also express the work dU in terms of 
the rectangular components of the force and of the displacement: 


dU = F, dx + F, dy + F. dz (13.1) 


Being a scalar quantity, work has a magnitude and a sign but no 
direction. We also note that work should be expressed in units 
obtained by multiplying units of length by units of force. Thus, if 
U.S. customary units are used, work should be expressed in ft - lb 
or in - lb. If SI units are used, work should be expressed in N + m. 
The unit of work N - m is called a joule (J).+ Recalling the conver- 
sion factors indicated in Sec. 12.4, we write 


1 ft - lb = (1 ft)(1 Ib) = (0.3048 m)(4.448 N) = 1.356 J 


It follows from (13.1") that the work dU is positive if the angle a is 
acute and negative if a is obtuse. Three particular cases are of special 


+The joule (J) is the SI unit of energy, whether in mechanical form (work, potential 
energy, kinetic energy) or in chemical, electrical, or thermal form. We should note that 
even though N - m = J, the moment of a force must be expressed in N + m and not in 
joules, since the moment of a force is not a form of energy. 
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757 


758 ee of Particles: Energy and Momentum interest. If the force F has the same direction as dr, the work dU 
ernoas 


reduces to F ds. If F has a direction opposite to that of dr, the work is 
dU = —F ds. Finally, if F is perpendicular to dr, the work dU is zero. 
The work of F during a finite displacement of the particle from 
A, to Ag (Fig. 13.2a) is obtained by integrating Eq. (13.1) along the 
path described by the particle. This work, denoted by U;_,s, is 


Ay 
Uj .9 = | F- dr (13.2) 
Ay 


Using the alternative expression (13.1') for the elementary work dU, 
and observing that F cos a represents the tangential component F;, 
of the force, we can also express the work Uj_,, as 


F So So 
Uy.9 = | (F cos a) ds = | F, ds (13.2’) 
Sy Sy 
where the variable of integration s measures the distance traveled by 
e 8] 83 5 the particle along the path. The work U,_,5 is represented by the 
) area under the curve obtained by plotting F, = F cos a@ against s 
Fig. 13.2 (Fig, 13.25). 


When the force F is defined by its rectangular components, 
the expression (13.1”) can be used for the elementary work. We 
then write 


As 
Uy 49 = | (F,, dx + By dy ae F, dz) (13.2”) 
A, 
where the integration is to be performed along the path described 
by the particle. 


Work of a Constant Force in Rectilinear Motion. When a particle 
moving in a straight line is acted upon by a force F of constant mag- 
nitude and of constant direction (Fig. 13.3), formula (13.2") yields 


U,_.2 = (F cos a) Ax (13.3) 


where a = angle the force forms with direction of motion 
Ax = displacement from A, to Ag, 


Work of the Force of Gravity. The work of the weight W of a 
body, i.e., of the force of gravity exerted on that body, is obtained by 
substituting the components of W into (13.1") and (13.2"). With the 
y axis chosen upward (Fig. 13.4), we have F, = 0, F, = —W, and 


F, = 0, and we write 
dU = —Wdy 
Yo 
YY 
or 
yy ' 
Us.3 = —Wys = yi) = Ay (13.4’) 


where Ay is the vertical displacement from A, to Ay. The work of 
Fig. 13.4 the weight W is thus equal to the product of W and the vertical 


displacement of the center of gravity of the body. The work is posi- 
tive when Ay < 0, that is, when the body moves down. 


Work of the Force Exerted by a Spring. Consider a body A 
attached to a fixed point B by a spring; it is assumed that the spring 
is undeformed when the body is at Ap (Fig. 13.5a). Experimental 
evidence shows that the magnitude of the force F exerted by the 
spring on body A is proportional to the deflection x of the spring 
measured from the position Ap. We have 


F = kx (13.5) 


where k is the spring constant, expressed in N/m or kN/m if SI units 
are used and in lb/ft or lb/in. if U.S. customary units are used. 

The work of the force F exerted by the spring during a finite 
displacement of the body from Aj(x = x) to As(x = x) is obtained 
by writing 


dU = —F dx = —kx dx 


Xo 
Ui 42 = -| kx dx = $kx} — $kx3 (13.6) 
xy 
Care should be taken to express k and x in consistent units. For 
example, if U.S. customary units are used, k should be expressed in 
lb/ft and x in feet, or k in lb/in. and x in inches; in the first case, the 
work is obtained in ft - Ib, in the second case, in in - Ib. We note 
that the work of the force F exerted by the spring on the body is 
positive when xy < x, that is, when the spring is returning to its 
undeformed position. 

Since Eq. (13.5) is the equation of a straight line of slope k 
passing through the origin, the work U,_,. of F during the displace- 
ment from A, to A», can be obtained by evaluating the area of the 
trapezoid shown in Fig. 13.5b. This is done by computing F and F5 
and multiplying the base Ax of the trapezoid by its mean height 
5(F, + Fy). Since the work of the force F exerted by the spring is 
positive for a negative value of Av, we write 


Uys9 = —3(F, + Fo) Ax (13.6’) 


Formula (13.6’) is usually more convenient to use than (13.6) and 
affords fewer chances of confusing the units involved. 


Work of a Gravitational Force. We saw in Sec. 12.10 that two 
particles of mass M and m at a distance r from each other attract 
each other with equal and opposite forces F and —F, directed along 
the line joining the particles and of magnitude 

Mm 


2 


FH=G 


+The relation F = kx is correct under static conditions only. Under dynamic condi- 
tions, formula (13.5) should be modified to take the inertia of the spring into account. 
However, the error introduced by using the relation F = kx in the solution of kinetics 
problems is small if the mass of the spring is small compared with the other masses in 
motion. 
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Fig. 13.7 


Let us assume that the particle M occupies a fixed position O while the 
particle m moves along the path shown in Fig. 13.6. The work of the 
force F exerted on the particle m during an infinitesimal displacement 
of the particle from A to A’ can be obtained by multiplying the magni- 
tude F of the force by the radial component dr of the displacement. 
Since F is directed toward O, the work is negative and we write 


dU = -Fdr = -G ar 
r 


The work of the gravitational force F during a finite displacement 
from A,(r = r,) to Ag(r = rg) is therefore 


ei | 7 oun a GMm GMm 


3 . = (13.7) 


where M is the mass of the earth. This formula can be used to 
determine the work of the force exerted by the earth on a body of 
mass m at a distance r from the center of the earth, when r is larger 
than the radius R of the earth. Recalling the first of the relations 
(12.29), we can replace the product GMm in Eq. (13.7) by WR’, 
where R is the radius of the earth (R = 6.37 X 10° m or 3960 mi) 
and W is the weight of the body at the surface of the earth. 

A number of forces frequently encountered in problems of kinet- 
ics do no work. They are forces applied to fixed points (ds = 0) or 
acting in a direction perpendicular to the displacement (cos a = 0). 
Among the forces which do no work are the following: the reaction at 
a frictionless pin when the body supported rotates about the pin, the 
reaction at a frictionless surface when the body in contact moves along 
the surface, the reaction at a roller moving along its track, and the 
weight of a body when its center of gravity moves horizontally. 


13.3 KINETIC ENERGY OF A PARTICLE. PRINCIPLE 
OF WORK AND ENERGY 


Consider a particle of mass m acted upon by a force F and moving 
along a path which is either rectilinear or curved (Fig. 13.7). Express- 
ing Newton's second law in terms of the tangential components of 
the force and of the acceleration (see Sec. 12.5), we write 


dv 

dt 

where v is the speed of the particle. Recalling from Sec. 11.9 that 
v = ds/dt, we obtain 


F, = ma, or F,=m 


a deds de 
tds dt ds 
F,ds = mv dv 


Integrating from Aj, where s = s; and v = vj, to Ag, where s = sg 
and v = vs, we write 


| F,ds = m| v dv = }mv3 — $mvj (13.8) 
The left-hand member of Eq. (13.8) represents the work Uj_,s of the 
force F exerted on the particle during the displacement from A, to 


Ag; as indicated in Sec. 13.2, the work Uj,» is a scalar quantity. The 
expression 3mv” is also a scalar quantity; it is defined as the kinetic 
energy of the particle and is denoted by T. We write 


T= smo" (13.9) 
Substituting into (13.8), we have 
(Uae = Ts < Thy (13.10) 


which expresses that, when a particle moves from A, to Ag under the 
action of a force F, the work of the force F is equal to the change 
in kinetic energy of the particle. This is known as the principle of 
work and energy. Rearranging the terms in (13.10), we write 


T) IP U9 = T> (13.11) 


Thus, the kinetic energy of the particle at Ay can be obtained by adding 
to its kinetic energy at A, the work done during the displacement from 
A, to Ag by the force F exerted on the particle. Like Newton's second 
law from which it is derived, the principle of work and energy applies 
only with respect to a newtonian frame of reference (Sec. 12.2). The 
speed v used to determine the kinetic energy T should therefore be 
measured with respect to a newtonian frame of reference. 

Since both work and kinetic energy are scalar quantities, their 
sum can be computed as an ordinary algebraic sum, the work Uj,» 
being considered as positive or negative according to the direction 
of F. When several forces act on the particle, the expression Uj_,5 
represents the total work of the forces acting on the particle; it is 
obtained by adding algebraically the work of the various forces. 

As noted above, the kinetic energy of a particle is a scalar quan- 
tity. It further appears from the definition T = mv” that regardless 
of the direction of motion of the particle the kinetic energy is always 
positive. Considering the particular case when v; = 0 and v2 = v, and 
substituting T, = 0 and T, = T into (13.10), we observe that the work 
done by the forces acting on the particle is equal to T. Thus, the kinetic 
energy of a particle moving with a speed v represents the work which 
must be done to bring the particle from rest to the speed v. Substitut- 
ing T; = T and T, = 0 into (13.10), we also note that when a particle 
moving with a speed v is brought to rest, the work done by the forces 
acting on the particle is —T. Assuming that no energy is dissipated 
into heat, we conclude that the work done by the forces exerted by 
the particle on the bodies which cause it to come to rest is equal to 
T. Thus, the kinetic energy of a particle also represents the capacity 
to do work associated with the speed of the particle. 

The kinetic energy is measured in the same units as work, i.e., 
in joules if SI units are used and in ft - lb if U.S. customary units 
are used. We check that, in SI units, 


T= smu" = kg(m/s)° = (kg - m/s’?)m =N-m= J 
while, in customary units, 


T = xmv” = (Ib - s*/ft)(ft/s)? = ft - Ib 


13.3 Kinetic Energy of a Particle. Principle of 
Work and Energy 
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13.4 APPLICATIONS OF THE PRINCIPLE 
OF WORK AND ENERGY 


The application of the principle of work and energy greatly simpli- 
fies the solution of many problems involving forces, displacements, 
and velocities. Consider, for example, the pendulum OA consisting 
of a bob A of weight W attached to a cord of length / (Fig. 13.82). 
The pendulum is released with no initial velocity from a horizontal 
position OA, and allowed to swing in a vertical plane. We wish to 
determine the speed of the bob as it passes through Ag, directly 
under O. 

We first determine the work done during the displacement 
from A, to Ag by the forces acting on the bob. We draw a free-body 
diagram of the bob, showing all the actual forces acting on it, i.e., 
the weight W and the force P exerted by the cord (Fig. 13.8b). (An 
inertia vector is not an actual force and should not be included in 
the free-body diagram.) We note that the force P does no work, 
since it is normal to the path; the only force which does work is 
thus the weight W. The work of W is obtained by multiplying its 
magnitude W by the vertical displacement / (Sec. 13.2); since the 
displacement is downward, the work is positive. We therefore write 
Uj_59 = Wi. 

Now considering the kinetic energy of the bob, we find T, = 0 
at A, and T; = 3(W/g)v5 at Ay. We can now apply the principle of 
work and energy; recalling formula (13.11), we write 


1W , 
Ti +Ujs2=T, 0+ Wl= 05 


t=) 


Solving for vs, we find v.; = V2gl. We note that the speed obtained 
is that of a body falling freely from a height J. 

The example we have considered illustrates the following 
advantages of the method of work and energy: 


1. In order to find the speed at Ag, there is no need to determine 
the acceleration in an intermediate position A and to integrate 
the expression obtained from A, to Ag. 

2. All quantities involved are scalars and can be added directly, 
without using x and y components. 

3. Forces which do no work are eliminated from the solution of 
the problem. 


What is an advantage in one problem, however, may be a dis- 
advantage in another. It is evident, for instance, that the method of 
work and energy cannot be used to directly determine an accelera- 
tion. It is also evident that in determining a force which is normal 
to the path of the particle, a force which does no work, the method 
of work and energy must be supplemented by the direct application 
of Newton’s second law. Suppose, for example, that we wish to deter- 
mine the tension in the cord of the pendulum of Fig. 13.8a as the 
bob passes through As. We draw a free-body diagram of the bob in 
that position (Fig. 13.9) and express Newton's second law in terms 
of tangential and normal components. The equations 2F, = ma, and 
=F, = ma, yield, respectively, a, = 0 and 


Day Sai = 
gl 
But the speed at A, was determined earlier by the method of work 
and energy. Substituting v3 = 2el and solving for P, we write 
W 2el 
P=W+——~ =3w 
gl 
When a problem involves two particles or more, the principle 
of work and energy can be applied to each particle separately. Adding 
the kinetic energies of the various particles, and considering the work 
of all the forces acting on them, we can also write a single equation 
of work and energy for all the particles involved. We have 


where T represents the arithmetic sum of the kinetic energies of the 
particles involved (all terms are positive) and Uj_,9 is the work of all 
the forces acting on the particles, including the forces of action and 
reaction exerted by the particles on each other. In problems involving 
bodies connected by inextensible cords or links, however, the work 
of the forces exerted by a given cord or link on the two bodies it 
connects cancels out, since the points of application of these forces 
move through equal distances (see Sample Prob. 13.2).+ 

Since friction forces have a direction opposite of that of the 
displacement of the body on which they act, the work of friction 
forces is always negative. This work represents energy dissipated into 
heat and always results in a decrease in the kinetic energy of the 
body involved (see Sample Prob. 13.3). 


13.5 POWER AND EFFICIENCY 


Power is defined as the time rate at which work is done. In the 
selection of a motor or engine, power is a much more important 
criterion than is the actual amount of work to be performed. Either 
a small motor or a large power plant can be used to do a given 
amount of work; but the small motor may require a month to do the 
work done by the power plant in a matter of minutes. If AU is the 
work done during the time interval At, then the average power dur- 
ing that time interval is 
AU 
Average power = —~— 


At 
Letting At approach zero, we obtain at the limit 


Power = oe (13.12) 


+The application of the method of work and energy to a system of particles is discussed 
in detail in Chap. 14. 
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p _ dU _ Fede 
ower = = 
and, recalling that dr/dt represents the velocity v of the point of 
application of F, 


Power = F-v (13.13) 


Since power was defined as the time rate at which work is 
done, it should be expressed in units obtained by dividing units of 
work by the unit of time. Thus, if SI units are used, power should 
be expressed in J/s; this unit is called a watt (W). We have 


1W=1f/s=1N- m/s 


If U.S. customary units are used, power should be expressed in 
ft - Ib/s or in horsepower (hp), with the latter defined as 


1 hp = 550 ft - Ib/s 
Recalling from Sec. 13.2 that 1 ft - Ib = 1.356 J, we verify that 


1 ft - Ib/s = 1.356 J/s = 1.356 W 
1 hp = 550(1.356 W) = 746 W = 0.746 kw 


The mechanical efficiency of a machine was defined in Sec. 
10.5 as the ratio of the output work to the input work: 


output work 
7 = ——_ (13.14) 
input work 


This definition is based on the assumption that work is done at a 
constant rate. The ratio of the output to the input work is therefore 
equal to the ratio of the rates at which output and input work are 
done, and we have 


__ power output (13.15) 
- power input 


Because of energy losses due to friction, the output work is always 
smaller than the input work, and consequently the power output is 
always smaller than the power input. The mechanical efficiency of a 
machine is therefore always less than 1. 

When a machine is used to transform mechanical energy into 
electric energy, or thermal energy into mechanical energy, its overall 
efficiency can be obtained from formula (13.15). The overall effi- 
ciency of a machine is always less than 1; it provides a measure of 
all the various energy losses involved (losses of electric or thermal 
energy as well as frictional losses). Note that it is necessary to express 
the power output and the power input in the same units before using 
formula (13.15). 


SAMPLE PROBLEM 13.1 


An automobile weighing 4000 Ib is driven down a 5° incline at a speed of 
60 mi/h when the brakes are applied, causing a constant total braking force 
(applied by the road on the tires) of 1500 Ib. Determine the distance trav- 
eled by the automobile as it comes to a stop. 


vy, = 60 mi/h 
: . ————_ 
@, ; avn SOLUTION 
ee 9 meee @ 
5 Kinetic E 
——— inetic Energy ee . 
- mi\/5280 ft\/ 1 
Tee Position 1: v, = («0 7 V( ar am -) = 88 ft/s 
T, = $mv; = 5(4000/32.2)(88) = 481,000 ft - Ib 
Position 2: Uo = 0 Ts, = 0 
Work Uy49 = —1500x + (4000 sin 5°)x = —1151x 


1500 Ib Principle of Work and Energy 


iar Whee = 
481,000 — 1151x 


| 
on 
bo 


x=418f < 


SAMPLE PROBLEM 13.2 


Two blocks are joined by an inextensible cable as shown. If the system is 
released from rest, determine the velocity of block A after it has moved 2 m. 
Assume that the coefficient of kinetic friction between block A and the plane 
is fy = 0.25 and that the pulley is weightless and frictionless. 


SOLUTION 


Work and Energy for Block A. We denote the friction force by F, and 
the force exerted by the cable by Fc, and write 
ma = 200 kg Wa = (200 kg)(9.81 m/s’) = 1962 N 
Fy = pyNa = peWa = 0.25(1962 N) = 490 N 
T, + Ujsg =To: 0+ Fo(2m) — F4(2m) = Fmyv? 
Fc(2m) — (490 N)(2 m) = 3(200 kg)v? (1) 
Work and Energy for Block B. We write 
mg = 300kg = Wg = (300 kg)(9.81 m/s”) = 2940 N 
T, + Uj,2 =Ts: 0+ W3(2m) — Fo(2m) = $mpgv” 
(2940 N)(2m) — Fe(2m) = 3(300 kg)v” (2) 
Adding the left-hand and right-hand members of (1) and (2), we observe 
that the work of the forces exerted by the cable on A and B cancels out: 
(2940 N)(2 m) — (490 N)(2m) = 4(200 kg + 300 kg)v? 
4900 J = 3(500kg)v?» v=443 m/s 
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SAMPLE PROBLEM 13.3 


A spring is used to stop a 60-kg package which is sliding on a horizontal 
surface. The spring has a constant k = 20 kN/m and is held by cables so 
that it is initially compressed 120 mm. Knowing that the package has a 
velocity of 2.5 m/s in the position shown and that the maximum additional 
deflection of the spring is 40 mm, determine (a) the coefficient of kinetic 
friction between the package and the surface, (b) the velocity of the package 
as it passes again through the position shown. 


SOLUTION 


a. Motion from Position I to Position 2 
Kinetic Energy Position 1: v, = 2.5 m/s 


T, = 5mv; = 3(60 kg)(2.5 m/s)” = 187.5 N - m = 187.5] 


Position 2: (maximum spring deflection): bo = 0 i — 10 
Work 
Friction Force F. We have 


F = pN = W = pymg = p,(60 kg)(9.81 m/s) = (588.6 N) py 


The work of F is negative and equal to 
(U\_2)¢ = —Fx = —(588.6 N)u,(0.600 m + 0.040 m) = —(877 J)py 


Spring Force P. The variable force P exerted by the spring does an amount 
of negative work equal to the area under the force-deflection curve of the 
spring force. We have 


Prin = kxo = (20 kN/m)(120 mm) = (20 000 N/m)(0.120 m) = 2400 N 
Pmax = Pmin + k Ax = 2400 N + (20 kN/m)(40 mm) = 3200 N 
(Uysa)e = —3(Pmin + Prax) Ax = —2(2400 N + 3200 N)(0.040 m) = -112.0] 


The total work is thus 
Unss = (Wa) + Urs), = —677 a — 112.0] 
Principle of Work and Energy 
Ty + Ug =Te 187.5] — (377 J), — L207 =0 py, = 0.20 


b. Motion from Position 2 to Position 3 

Kinetic Energy. Position 2: bo = 0 Ts = 0 
Position 3: Ts = xmv3 = 3(60 kg)v3 

Work. Since the distances involved are the same, the numerical values of 
the work of the friction force F and of the spring force P are the same as 
above. However, while the work of F is still negative, the work of P is now 
positive. 


Uso = —(377 J), + 112.0 J = —75.5 J + 1120] = +365] 
Principle of Work and Energy 


Tz + Ur43 =T3 0 + 36.5 J = 3(60 kgv? 
v3 = 1.103 m/s v,; = 1.103 m/s< << 


SAMPLE PROBLEM 13.4 


A 2000-lb car starts from rest at point 1 and moves without friction down 
the track shown. (a) Determine the force exerted by the track on the car 
at point 2, where the radius of curvature of the track is 20 ft. (b) Determine 
the minimum safe value of the radius of curvature at point 3. 


SOLUTION 


a. Force Exerted by the Track at Point 2. The principle of work and 
energy is used to determine the velocity of the car as it passes through 
point 2. 


Kinetic Energy. T, = 0 T, = 5mv3 = =p 
Work. The only force which does work is the weight W. Since the vertical 
displacement from point 1 to point 2 is 40 ft downward, the work of the 
weight is 

Uy. = +W(40 ft) 
Principle of Work and Energy 


1W 
T, + Uise = To 0 + W(40 ft) = re 
v5 = 80g = 80(32.2) v. = 50.8 fi/s 
WwW a Newton’s Second Law at Point 2. The acceleration a, of the car at point 2 
: has a magnitude a, = v3/p and is directed upward. Since the external forces 
acting on the car are W and N, we write 
= ar) ie, = ane-e —-W+N=ma, 
Bee 
ig fp 
w 80g 
N gg 20 
N=5W N=10,000lb} < 
b. Minimum Value of p at Point 3. Principle of Work and Energy. Ap- 
plying the principle of work and energy between point 1 and point 3, we 
obtain 
1W 
T, + Vis = T3 0+ W(25 ft) = 2¢g° 
= 302 = 5012.2) v3 = 40.1 ft/s 
Ww Newton’s Second Law at Point 3. The minimum safe value of p occurs 


when N = 0. In this case, the acceleration a,, of magnitude a, = v3/p, is 
directed downward, and we write 


+) =F, = ma,: =—— 


N=0 may = w 208 p=50t < 
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SAMPLE PROBLEM 13.5 


The dumbwaiter D and its load have a combined weight of 600 Ib, while 
the counterweight C weighs 800 Ib. Determine the power delivered by the 
electric motor M when the dumbwaiter (a) is moving up at a constant speed 
of 8 ft/s, (b) has an instantaneous velocity of 8 ft/s and an acceleration of 


2.5 ft/s”, both directed upward. 


SOLUTION 


Since the force F exerted by the motor cable has the same direction as the 
velocity vp of the dumbwaiter, the power is equal to Fup, where up = 8 ft/s. 
To obtain the power, we must first determine F in each of the two 
given situations. 


a. Uniform Motion. We have ag = ap = 0; both bodies are in equilibrium. 
Free Body (GR ap Pee = 0: 2T — 800 lb = 0 P = 400 Mo 
Free Body ID» ey, = 0: 12 se TP = G00) Ilo) = © 
E = 600 Ib = fF = 600 bi = 400 Ib = 200i 1b 
Fup = (200 Ib)(8 ft/s) = 1600 ft - Ib/s 


lhp 
12 = (1 ft - 1 SSS = VIM 
ower = (1600ft b/s) fe Ibis hp << 
b. Accelerated Motion. We have 
an =Qotvs } ap——tap— 1.25 ts | 
The equations of motion are 
800 
Free Body C: +)2F, =mMcac: 800 — 2T = 30.2 (E25) ie — e840 onl by 
600 
Free Body D: FE = Mpap: F+T — 600 = (2.5) 
Oey) 
F + 384.5 — 600 = 46.6 F = 262.1 lb 
Fup = (262.1 Ib)(8 ft/s) = 2097 ft - Ib/s 
P 
12 = (2097 ft - I = BIL 
ower = (2097 ft b/s) ft Ibis hp << 


SOLVING PROBLEMS 
YN TOUR OWN 


ik the preceding chapter, you solved problems dealing with the motion of a 
particle by using the fundamental equation F = ma to determine the accelera- 
tion a. By applying the principles of kinematics you were then able to determine 
from a the velocity and displacement of the particle at any time. In this lesson we 
combined F = ma and the principles of kinematics to obtain an additional method 
of analysis called the method of work and energy. This eliminates the need to cal- 
culate the acceleration and will enable you to relate the velocities of the particle 
at two points along its path of motion. To solve a problem by the method of work 
and energy you will follow these steps: 


1. Computing the work of each of the forces. The work U,_, of a given force 
F during the finite displacement of the particle from A, to Ag is defined as 


Ui_s3 = | F -dr or U1 5.2 = | (F cosa) ds (13.2, 13.2’) 


where a@ is the angle between F and the displacement dr. The work Uj. is a 
scalar quantity and is expressed in ft - lb or in - lb in the U.S. customary system 
of units and in N - m or joules (J) in the SI system of units. Note that the work 
done is zero for a force perpendicular to the displacement (a = 90°). Negative 
work is done for 90° < a < 180° and in particular for a friction force, which is 
always opposite in direction to the displacement (a = 180°). 


The work Uj. can be easily evaluated in the following cases that you will 
encounter: 
a. Work of a constant force in rectilinear motion 
U,_,2 = (F cos a) Ax (13.3) 
where a = angle the force forms with the direction of motion 
Ax = displacement from A, to Ag (Fig. 13.3) 
b. Work of the force of gravity 
U\_s9 = —W Ay (13.4') 


where Ay is the vertical displacement of the center of gravity of the body of 
weight W. Note that the work is positive when Ay is negative, that is, when the 
body moves down (Fig. 13.4). 


c. Work of the force exerted by a spring 
Uso = ghxi — gkx3 (13.6) 
where k is the spring constant and x, and x» are the elongations of the spring cor- 


responding to the positions A; and Ag (Fig. 13.5). 


(continued) 
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d. Work of a gravitational force 
GMm _ GMm 


To TY) 


U\_.2 = (13.7) 


for a displacement of the body from A(r = r;) to Ag(r = rg) (Fig. 13.6). 


2. Calculate the kinetic energy at A, and A). The kinetic energy T is 
T = $mv" (13.9) 


where m is the mass of the particle and v is the magnitude of its velocity. The 
units of kinetic energy are the same as the units of work, that is, ft - Ib or in - lb 
if U.S. customary units are used and N - m or joules (J) if SI units are used. 


3. Substitute the values for the work done U;_,, and the kinetic energies T, 
and T, into the equation 


You will now have one equation which you can solve for one unknown. Note that 
this equation does not yield the time of travel or the acceleration directly. How- 
ever, if you know the radius of curvature p of the path of the particle at a point 
where you have obtained the velocity v, you can express the normal component 
of the acceleration as a, = v’/p and obtain the normal component of the force 
exerted on the particle by writing F,, = mu"/p. 


4. Power was introduced in this lesson as the time rate at which work is 
done, P = dU/dt. Power is measured in ft - b/s or horsepower (hp) in U.S. cus- 
tomary units and in J/s or watts (W) in the SI system of units. To calculate the 
power, you can use the equivalent formula, 


P=F-v (13.13) 


where F and v denote the force and the velocity, respectively, at a given time 
[Sample Prob. 13.5]. In some problems [see, e.g., Prob. 13.50], you will be asked 
for the average power, which can be obtained by dividing the total work by the 
time interval during which the work is done. 


13.1 


13.2 


13.3 


13.4 


13.5 


13.6 


13.7 


13.8 


PROBLEMS 


A 1300-kg small hybrid car is traveling at 108 km/h. Determine 
(a) the kinetic energy of the vehicle, (b) the speed required for a 
9000-kg truck to have the same kinetic energy as the car. 


An 870-lb satellite is placed in a circular orbit 3973 mi above the 
surface of the earth. At this elevation the acceleration of gravity 
is 8.03 ft/s”. Determine the kinetic energy of the satellite, knowing 
that its orbital speed is 12,500 mi/h. 


A 2-Ib stone is dropped from a height h and strikes the ground 
with a velocity of 50 ft/s. (@) Find the kinetic energy of the stone as 
it strikes the ground and the height h from which it was dropped. 
(b) Solve part a assuming that the same stone is dropped on the 
moon. (Acceleration of gravity on the moon = 5.31 ft/s*.) 


A 4-kg stone is dropped from a height h and strikes the ground with 
a velocity of 25 m/s. (a) Find the kinetic energy of the stone as it 
strikes the ground and the height h from which it was dropped. 
(b) Solve part a, assuming that the same stone is dropped on the 
moon. (Acceleration of gravity on the moon = 1.62 m/s~.) 


Determine the maximum theoretical speed that may be achieved 
over a distance of 360 ft by a car starting from rest assuming there 
is no slipping. The coefficient of static friction between the tires 
and pavement is 0.75, and 60 percent of the weight of the car is 
distributed over its front wheels and 40 percent over its rear 
wheels. Assume (a) front-wheel drive, (b) rear-wheel drive. 


Skid marks on a drag race track indicate that the rear (drive) 
wheels of a car slip for the first 60 ft of the 1320-ft track. (a) Know- 
ing that the coefficient of kinetic friction is 0.60, determine the 
speed of the car at the end of the first 60-ft portion of the track 
if it starts from rest and the front wheels are just off the ground. 
(b) What is the maximum theoretical speed for the car at the finish 
line if, after skidding for 60 ft, it is driven without the wheels slip- 
ping for the remainder of the race? Assume that while the car is 
rolling without slipping, 60 percent of the weight of the car is on 
the rear wheels and the coefficient of static friction is 0.85. Ignore 
air resistance and rolling resistance. 


In an ore-mixing operation, a bucket full of ore is suspended from 
a traveling crane which moves along a stationary bridge. The 
bucket is to swing no more than 4 m horizontally when the crane 
is brought to a sudden stop. Determine the maximum allowable 
speed v of the crane. 


In an ore-mixing operation, a bucket full of ore is suspended from 
a traveling crane which moves along a stationary bridge. The crane 
is traveling at a speed of 3 m/s when it is brought to a sudden stop. 
Determine the maximum horizontal distance through which the 
bucket will swing. 


10m 


Fig. P13.7 and P13.8 
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I<— 7 m —>| 


| B 


Fig. P13.13 and P13.14 


« 
C 30° 


13.9 


13.10 


13.17 


13.12 


13.13 


13.14 


A package is projected 10 m up a 15° incline so that it just reaches 
the top of the incline with zero velocity. Knowing that the coeffi- 
cient of kinetic friction between the package and the incline is 
0.12, determine (a) the initial velocity of the package at A, (b) the 
velocity of the package as it returns to its original position. 


Fig. P13.9 and P13.10 


A package is projected up a 15° incline at A with an initial velocity 
of 8 m/s. Knowing that the coefficient of kinetic friction between 
the package and the incline is 0.12, determine (a) the maximum 
distance d that the package will move up the incline, (b) the veloc- 
ity of the package as it returns to its original position. 


Boxes are transported by a conveyor belt with a velocity vp to a 
fixed incline at A where they slide and eventually fall off at B. 
Knowing that u, = 0.40, determine the velocity of the conveyor 
belt if the boxes leave the incline at B with a velocity of 8 ft/s. 


Fig. P13.11 and P13.12 


Boxes are transported by a conveyor belt with a velocity vo to a 
fixed incline at A where they slide and eventually fall off at B. 
Knowing that 4, = 0.40, determine the velocity of the conveyor 
belt if the boxes are to have zero velocity at B. 


Packages are thrown down an incline at A with a velocity of 1 m/s. 
The packages slide along the surface ABC to a conveyor belt which 
moves with a velocity of 2 m/s. Knowing that yw, = 0.25 between 
the packages and the surface ABC, determine the distance d if the 
packages are to arrive at C with a velocity of 2 m/s. 


Packages are thrown down an incline at A with a velocity of 1 m/s. 
The packages slide along the surface ABC to a conveyor belt which 
moves with a velocity of 2 m/s. Knowing that d = 7.5 m and py, = 0.25 
between the packages and all surfaces, determine (a) the speed of 
the package at C, (b) the distance a package will slide on the con- 
veyor belt before it comes to rest relative to the belt. 


13.15 The subway train shown is traveling at a speed of 30 mi/h when 
the brakes are fully applied on the wheels of cars B and C, causing 
them to slide on the track, but are not applied on the wheels of 
car A. Knowing that the coefficient of kinetic friction is 0.35 
between the wheels and the track, determine (a) the distance 
required to bring the train to a stop, (b) the force in each 
coupling. 


30 mi/h 


40 tons 50 tons 40 tons 
B C 


Fig. P13.15 


13.16 Solve Prob. 13.15 assuming that the brakes are applied only on the 
wheels of car A. 


13.17 A trailer truck enters a 2 percent downhill grade traveling at 
108 km/h and must slow down to 72 km/h in 300 m. The cab has 
a mass of 1800 kg and the trailer 5400 kg. Determine (a) the aver- 
age braking force that must be applied, (b) the average force 
exerted on the coupling between cab and trailer if 70 percent 
of the braking force is supplied by the trailer and 30 percent by 
the cab. 


108 km/h 
—=>> 


2% down grade 


, ae i 


Fig. P13.17 


13.18 A trailer truck enters a 2 percent uphill grade traveling at 72 km/h 
and reaches a speed of 108 km/h in 300 m. The cab has a mass 
of 1800 kg and the trailer 5400 kg. Determine (a) the average force 
at the wheels of the cab, (b) the average force in the coupling 
between the cab and the trailer. 


2% up grade 


. 300 m | 


Fig. P13.18 


Problems 
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774 Kinetics of Particles: Energy and Momentum 13.19 Two identical blocks are released from rest. Neglecting the mass 
Methods of the pulleys and the effect of friction, determine (a) the velocity 
of block B after it has moved 2 m, (b) the tension in the cable. 


Fig. P13.19 and P13.20 


13.20 Two identical blocks are released from rest. Neglecting the mass 
of the pulleys and knowing that the coefficients of static and 
kinetic friction are w, = 0.30 and pw, = 0.20, determine (a) the 
velocity of block B after it has moved 2 m, (b) the tension in 
the cable. 


13.21 The system shown is at rest when a constant 150-N force is applied 
to collar B. (a) If the force acts through the entire motion, deter- 
mine the speed of collar B as it strikes the support at C. (b) After 
what distance d should the 150-N force be removed if the collar 
is to reach support C with zero velocity? 


Fig. P13.21 


13.22 Blocks A and B have masses of 11 kg and 5 kg, respectively, and 
they are both at a height h = 2 m above the ground when the 
system is released from rest. Just before hitting the ground block A 
is moving at a speed of 3 m/s. Determine (a) the amount of energy 
dissipated in friction by the pulley, (b) the tension in each portion 
Fig. P13.22 of the cord during the motion. 


13.23 The system shown, consisting of a 40-lb collar A and a 20-Ib coun- Problems 775 
terweight B, is at rest when a constant 100-lb force is applied to 
collar A. (a) Determine the speed of A just before it hits the sup- 
port at C. (b) Solve part a assuming that the counterweight B is 
replaced by a 20-Ib downward force. Ignore friction and the mass 
of the pulleys. 


Fig. P13.23 


13.24 Four packages, each weighing 6 lb, are held in place by friction on 
a conveyor which is disengaged from its drive motor. When the 
system is released from rest, package I leaves the belt at A just as 
package 4 comes onto the inclined portion of the belt at B. Deter- 
mine (a) the speed of package 2 as it leaves the belt at A, (b) the 
speed of package 3 as it leaves the belt at A. Neglect the mass of 
the belt and rollers. 


Fig. P13.24 


13.25 Two blocks A and B, of mass 4 kg and 5 kg, respectively, are con- 
nected by a cord which passes over pulleys as shown. A 3-kg collar 
C is placed on block A and the system is released from rest. After 
the blocks have moved 0.9 m, collar C is removed and blocks A 
and B continue to move. Determine the speed of block A just 
before it strikes the ground. Fig. P13.25 
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as 


Methods 


13.27 


13.28 


Fig. P13.28 


13.29 


13.30 


13.31 


Fig. P13.31 


A 10-lb block is attached to an unstretched spring of constant 
k = 12 lb/in. The coefficients of static and kinetic friction between 
the block and the plane are 0.60 and 0.40, respectively. If a force 
F is slowly applied to the block until the tension in the spring 
reaches 20 Ib and then suddenly removed, determine (a) the speed 
of the block as it returns to its initial position, (b) the maximum 


speed achieved by the block. 


k = 12 Ib/in. 


Fig. P13.26 and P13.27 


A 10-Ib block is attached to an unstretched spring of constant k = 
12 lb/in. The coefficients of static and kinetic friction between the 
block and the plane are 0.60 and 0.40, respectively. If a force F is 
applied to the block until the tension in the spring reaches 20 Ib 
and then suddenly removed, determine (a) how far the block will 
move to the left before coming to a stop, (b) whether the block 
will then move back to the right. 


A 3-kg block rests on top of a 2-kg block supported by but not 
attached to a spring of constant 40 N/m. The upper block is suddenly 
removed, Determine (a) the maximum speed reached by the 2-kg 


block, (b) the maximum height reached by the 2-kg block. 


Solve Prob. 13.28, assuming that the 2-kg block is attached to the 
spring. 

An 8-lb collar C slides on a horizontal rod between springs 
A and B. If the collar is pushed to the right until spring B is com- 
pressed 2 in. and released, determine the distance through which 


the collar will travel assuming (a) no friction between the collar 
and the rod, (b) a coefficient of friction uw, = 0.35. 


16 in. 
A | 6 in. | B 
ee a ee 
* Z 
k= 18 Ib/in. k = 12 Ib/in. 


eo 


Fig. P13.30 


A 6-lb block is attached to a cable and to a spring as shown. 
The constant of the spring is k = 8 Ib/in. and the tension in the 
cable is 3 Ib. If the cable is cut, determine (a) the maximum dis- 
placement of the block, (b) the maximum speed of the block. 


13.32 


An uncontrolled automobile traveling at 65 mph strikes squarely a 
highway crash cushion of the type shown in which the automobile 
is brought to rest by successively crushing steel barrels. The mag- 
nitude F of the force required to crush the barrels is shown as a 
function of the distance x the automobile has moved into the cush- 
ion. Knowing that the weight of the automobile is 2250 lb and 
neglecting the effect of friction, determine (a) the distance the 
automobile will move into the cushion before it comes to rest, 
(b) the maximum deceleration of the automobile. 


Fig. P13.32 


13.33 


13.34 


13.35 


A piston of mass m and cross-sectional area A is in equilibrium 
under the pressure p at the center of a cylinder closed at both 
ends. Assuming that the piston is moved to the left a distance a/2 
and released, and knowing that the pressure on each side of the 
piston varies inversely with the volume, determine the velocity of 
the piston as it again reaches the center of the cylinder. Neglect 
friction between the piston and the cylinder and express your 
answer in terms of m, a, p, and A. 


~< a a a 2 


Fig. P13.33 


Express the acceleration of gravity g), at an altitude h above the 
surface of the earth in terms of the acceleration of gravity go at 
the surface of the earth, the altitude h, and the radius R of the 
earth. Determine the percent error if the weight that an object 
has on the surface of earth is used as its weight at an altitude of 
(a) 1 km, (b) 1000 km. 


A rocket is fired vertically from the surface of the moon with a 
speed vo. Derive a formula for the ratio h,/h, of heights reached 
with a speed v, if Newton's law of gravitation is used to calculate 
h, and a uniform gravitational field is used to calculate h,. Express 
your answer in terms of the acceleration of gravity g,, on the sur- 
face of the moon, the radius R,, of the moon, and the speeds v 
and Uo. 


Problems 
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13.37 


Fig. P13.37 


13.38 


F(lb) 


Hard spring 
/ 


A golf ball struck on earth rises to a maximum height of 200 feet 
and hits the ground 250 yards away. How far will the same golf 
ball travel on the moon if the magnitude and direction of its 
velocity are the same as they were on earth immediately after the 
ball was hitP Assume that the ball is hit and lands at the same 
elevation in both cases and that the effect of the atmosphere on 
the earth is neglected, so that the trajectory in both cases is a 
parabola. The acceleration of gravity on the moon is 0.165 times 
that on earth. 


_— —__ Moon trajectory 


Fig. P13.36 


A 300-g brass (nonmagnetic) block A and a 200-g steel magnet 
B are in equilibrium in a brass tube under the magnetic repel- 
ling force of another steel magnet C located at a distance x = 
4 mm from B. The force is inversely proportional to the square 
of the distance between B and C. If block A is suddenly removed, 
determine (a) the maximum velocity of B, (b) the maximum 
acceleration of B. Assume that air resistance and friction are 


negligible. 


Nonlinear springs are classified as hard or soft, depending upon 
the curvature of their force-deflection curve (see figure). If a 
delicate instrument having a mass of 5 kg is placed on a spring 
of length / so that its base is just touching the undeformed spring 
and then inadvertently released from that position, determine 
the maximum deflection x,, of the spring and the maximum 
force F,,, exerted by the spring, assuming (a) a linear spring of 
constant k = 3 kN/m, (b) a hard, nonlinear spring, for which 
F = (3 kN/m)(x + 160x°). 


Linear spring 


Fig. P13.38 


13.39 The sphere at A is given a downward velocity vp and swings in a Problems 7F7Q 
vertical circle of radius | and center O. Determine the smallest 
velocity vp for which the sphere will reach point B as it swings 
about point O (a) if AO is a rope, (b) if AO is a slender rod of 
negligible mass. 


13.40 The sphere at A is given a downward velocity vp of magnitude 
5 m/s and swings in a vertical plane at the end of a rope of length 
| = 2 m attached to a support at O. Determine the angle 6 at 
which the rope will break, knowing that it can withstand a maxi- 
mum tension equal to twice the weight of the sphere. 


13.41 A section of track for a roller coaster consists of two circular arcs 
AB and CD joined by a straight portion BC. The radius of AB is 
90 ft and the radius of CD is 240 ft. The car and its occupants, of 
total weight 560 lb reach point A with practically no velocity and 
then drop freely along the track. Determine the normal force 
exerted by the track on the car as the car reaches point B. Ignore 
air resistance and rolling resistance. 


Fig. P13.39 and P13.40 


Fig. P13.41 and P13.42 


13.42 A section of track for a roller coaster consists of two circular arcs 
AB and CD joined by a straight portion BC. The radius of AB is 
90 ft and the radius of CD is 240 ft. The car and its occupants, of a 
total weight 560 Ib, reach point A with practically no velocity and i mn | 
I 
| 


then drop freely along the track. Determine the maximum and 
minimum values of the normal force exerted by the track on the 
car as the car travels from A to D. Ignore air resistance and rolling 
resistance. 


13.43 A small sphere B of mass m is released from rest in the position 
shown and swings freely in a vertical plane, first about O and then 
about the peg A after the cord comes in contact with the peg. 
Determine the tension in the cord (a) just before the sphere 
comes in contact with the peg, (b) just after it comes in contact 
with the peg. Fig. P13.43 


780 Mos of Particles: Energy and Momentum 13.44 A small block slides at a speed v = 8 ft/s on a horizontal surface 
sad at a height h = 3 ft above the ground. Determine (a) the angle 0 


% at which it will leave the cylindrical surface BCD, (b) the distance 
% x at which it will hit the ground. Neglect friction and air 
: resistance. 


13.45 A small block slides at a speed v on a horizontal surface. Knowing 
that h = 2.5 m, determine the required speed of the block if it is 
to leave the cylindrical surface BCD when @ = 40°. 


|_| 


Fig. P13.44 and P13.45 13.46 (a) A 120-Ib woman rides a 15-lb bicycle up a 3-percent slope at 
a constant speed of 5 ft/s. How much power must be developed 
by the woman? (b) A 180-lb man on an 18-Ib bicycle starts down 
the same slope and maintains a constant speed of 20 ft/s by brak- 
ing. How much power is dissipated by the brakes? Ignore air resis- 
tance and rolling resistance. 


5 ft/s 20 ft/s 
a 


3% slope 


Fig. P13.46 


13.47 A power specification formula is to be derived for electric motors 
which drive conveyor belts moving solid material at different 
rates to different heights and distances. Denoting the efficiency 
of a motor by 7 and neglecting the power needed to drive the 
belt itself, derive a formula (a) in the SI system of units for 
the power P in kW, in terms of the mass flow rate m in kg/h, 
the height b and horizontal distance / in meters and (b) in U.S. 
customary units, for the power in hp, in terms of the material 
flow rate w in tons/h, and the height b and horizontal distance 
l in feet. 


Fig. P13.47 


13.48 A chair-lift is designed to transport 900 skiers per hour from the 


13.49 


13.50 


13.51 


base A to the summit B. The average weight of a skier is 160 lb 
and the average speed of the lift is 250 ft/min. Determine (a) the 
average power required, (b) the required capacity of the motor if 
the mechanical efficiency is 85 percent and if a 300 percent over- 
load is to be allowed. 


In an automobile drag race, the rear (drive) wheels of a 1000-kg 
car skid for the first 20 m and roll with sliding impending during 
the remaining 380 m. The front wheels of the car are just off the 
ground for the first 20 m, and for the remainder of the race 
80 percent of the weight is on the rear wheels. Knowing that the 
coefficients of friction are uw, = 0.90 and px = 0.68, determine 
the power developed by the car at the drive wheels (a) at the end 
of the 20-m portion of the race, (b) at the end of the race. Give 
your answer in kW and in hp. Ignore the effect of air resistance 
and rolling friction. 


Fig. P13.49 


It takes 15 s to raise a 1200-kg car and the supporting 300-kg 
hydraulic car-lift platform to a height of 2.8 m. Determine 
(a) the average output power delivered by the hydraulic pump to 
lift the system, (b) the average electric power required, knowing 
that the overall conversion efficiency from electric to mechanical 
power for the system is 82 percent. 


Fig. P13.50 


The velocity of the lift of Prob. 13.50 increases uniformly from 
zero to its maximum value at mid-height in 7.5 s and then decreases 
uniformly to zero in 7.5 s. Knowing that the peak power output of 
the hydraulic pump is 6 kW when the velocity is maximum, deter- 
mine the maximum lift force provided by the pump. 


Problems 


1000 ft 


2500 ft ze 


Fig. P13.48 
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782 Kinetics of Particles: Energy and Momentum 13.52 A 100-ton train traveling on a horizontal track requires 400 hp to 

Methods maintain a constant speed of 50 mi/h. Determine (a) the total force 
needed to overcome axle friction, rolling resistance, and air resis- 
tance, (b) the additional horsepower required if the train is to 
maintain the same speed going up a 1-percent grade. 


13.53 The frictional resistance of a ship is known to vary directly as the 
1.75 power of the speed v of the ship. A single tugboat at full 
power can tow the ship at a constant speed of 4.5 km/h by exerting 
a constant force of 300 kN. Determine (a) the power developed 
by the tugboat, (b) the maximum speed at which two tugboats, 
capable of delivering the same power, can tow the ship. 


13.54 The elevator E has a mass of 3000 kg when fully loaded and is 
connected as shown to a counterweight W of mass 1000 kg. Deter- 
mine the power in kW delivered by the motor (a) when the elevator 
is moving down at a constant speed of 3 m/s, (b) when it has an 
upward velocity of 3 m/s and a deceleration of 0.5 m/s”. 


Fig. P13.54 


13.6 POTENTIAL ENERGYT 


Let us consider again a body of weight W which moves along a 
curved path from a point A, of elevation y; to a point Ag, of elevation 
Yo (Fig. 13.4). We recall from Sec. 13.2 that the work of the force 
of gravity W during this displacement is 


U1.9 = Wy — Wye (13.4) 


The work of W may thus be obtained by subtracting the value of the 
function Wy corresponding to the second position of the body from 
its value corresponding to the first position. The work of W is inde- 
pendent of the actual path followed; it depends only upon the initial 
and final values of the function Wy. This function is called the poten- 
tial energy of the body with respect to the force of gravity W and is 
denoted by V,. We write 


Ure = (Vi — Vga with V, = Wy (13.16) 


Fig. 13.4 (repeated) 


We note that if (V,)2 > (V,)j, that is, if the potential energy increases 
during the displacement (as in the case considered here), the work 
U\_.9 is negative. If, on the other hand, the work of W is positive, 
the potential energy decreases. Therefore, the potential energy Ve of 
the body provides a measure of the work which can be done by its 
weight W. Since only the change in potential energy, and not the 
actual value of V,, is involved in formula (13.16), an arbitrary con- 
stant can be added to the expression obtained for V,. In other words, 
the level, or datum, from which the elevation y is measured can be 
chosen arbitrarily. Note that potential energy is expressed in the 
same units as work, i.e., in joules if SI units are used and in ft - lb 
or in - lb if U.S. customary units are used. 


tSome of the material in this section has already been considered in Sec. 10.7. 


It should be noted that the expression just obtained for the poten- 13.6 Potential Energy 7Q3 
tial energy of a body with respect to gravity is valid only as long as the 
weight W of the body can be assumed to remain constant, i.e., as long 
as the displacements of the body are small compared with the radius 
of the earth. In the case of a space vehicle, however, we should take 
into consideration the variation of the force of gravity with the distance 
r from the center of the earth. Using the expression obtained in 
Sec. 13.2 for the work of a gravitational force, we write (Fig. 13.6) 

GMm GMm 


Uj 2 a ro r (13.7) 


The work of the force of gravity can therefore be obtained by sub- 
tracting the value of the function —GMm/r corresponding to the 
second position of the body from its value corresponding to the first 
position. Thus, the expression which should be used for the potential 
energy V, when the variation in the force of gravity cannot be fig, 13.6 
neglected is 


(repeated) 


GMm 
Vista (13.17) 
Taking the first of the relations (12.29) into account, we write ¥, in 
the alternative form 

WR? 
V,=- (13.17’) 


8 r 


where R is the radius of the earth and W is the value of the weight 

of the body at the surface of the earth. When either of the relations 

(13.17) or (13.17') is used to express V,, the distance r should, of 

course, be measured from the center of the earth.+ Note that V, is al- 

ways negative and that it approaches zero for very large values of r. Spring undeformed 

Consider now a body attached to a spring and moving from a @ 

position A;, corresponding to a deflection x, of the spring, to a position ? jy WU vo 

Ag, corresponding to a deflection x2 of the spring (Fig. 13.5). We recall 

from Sec. 13.2 that the work of the force F exerted by the spring on 

oo 2 www 
Uj = akx}y om akx5 (13.6) Lay 

The work of the elastic force is thus obtained by subtracting the r<—@ 


value of the function 3kx” corresponding to the second position of 
the body from its value corresponding to the first position. This func- 


tion is denoted by V, and is called the potential energy of the body www 


with respect to the elastic force F. We write 


Uys2= (Ve — (Ve)z with V,= phx (13.18) Fig 19-5 (repeated) 


and observe that during the displacement considered, the work of 
the force F exerted by the spring on the body is negative and the 


+The expressions given for V, in (13.17) and (13.17’) are valid only when r = R, that 
is, when the body considered is above the surface of the earth. 
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Fig. 13.11 


potential energy V, increases. You should note that the expression 
obtained for V, is valid only if the deflection of the spring is mea- 
sured from its undeformed position. On the other hand, formula 
(13.18) can be used even when the spring is rotated about its fixed 
end (Fig. 13.10a). The work of the elastic force depends only upon 
the initial and final deflections of the spring (Fig. 13.10b). 


F 


——— 
+ a 


Undeformed length 
Pa 
aA 


4 


(a) (b) 
Fig. 13.10 


The concept of potential energy can be used when forces other 
than gravity forces and elastic forces are involved. Indeed, it remains 
valid as long as the work of the force considered is independent of 
the path followed by its point of application as this point moves from 
a given position A, to a given position Ag. Such forces are said to be 
conservative forces; the general properties of conservative forces are 
studied in the following section. 


*13.7 CONSERVATIVE FORCES 


As indicated in the preceding section, a force F acting on a particle 
A is said to be conservative if its work U,_,9 is independent of the 
path followed by the particle A as it moves from A, to Ag (Fig. 13.11a). 
We can then write 


Uyg = Vix, yi, 21) — Vixe, yo, 22) (13.19) 
or, for short, 


The function V(x, y, %) is called the potential energy, or potential 
function, of F. 

We note that if Ay is chosen to coincide with Aj, that is, if the 
particle describes a closed path (Fig. 13.11b), we have V; = V», and 
the work is zero. Thus for any conservative force F we can write 


$ F-dr=0 (13.20) 


where the circle on the integral sign indicates that the path is closed. 


Let us now apply (13.19) between two neighboring points 
A(x, y, z) and A'(x + dx, y + dy, z + dz). The elementary work dU 
corresponding to the displacement dr from A to A’ is 


dU = Vix, y, z) — Vix + dx, y + dy, z + dz) 


Thus, the elementary work of a conservative force is an exact 
differential. 

Substituting for dU in (13.21) the expression obtained in (13.1”) 
and recalling the definition of the differential of a function of several 
variables, we write 


or 


ov 


oV oV 
B,dx + F, dy + Fda = ( de dy ds) 
ox Oz 


dy 


from which it follows that 


(13.22) 


It is clear that the components of F must be functions of the coordi- 
nates x, y, and z. Thus, a necessary condition for a conservative force 
is that it depend only upon the position of its point of application. 
The relations (13.22) can be expressed more concisely if we write 
av, av, av ) 

i + k 


ox oy J 


F = Fit Fj+Fk= ( 


The vector in parentheses is known as the gradient of the scalar function 
V and is denoted by grad V. We thus write for any conservative force 


The relations (13.19) to (13.23) were shown to be satisfied by 
any conservative force. It can also be shown that if a force F satisfies 
one of these relations, F must be a conservative force. 


13.8 CONSERVATION OF ENERGY 


We saw in the preceding two sections that the work of a conservative 
force, such as the weight of a particle or the force exerted by a spring, 
can be expressed as a change in potential energy. When a particle 
moves under the action of conservative forces, the principle of work 
and energy stated in Sec. 13.3 can be expressed in a modified form. 
Substituting for Uj_,2 from (13.19’) into (13.10), we write 


V, —~- Vo = Tz -— Ti 
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Fig. 13.12 


Start 


Fig. 13.13 


Datum 


Formula (13.24) indicates that when a particle moves under the 
action of conservative forces, the sum of the kinetic energy and 
of the potential energy of the particle remains constant. The sum 
T + Vis called the total mechanical energy of the particle and is 
denoted by E. 

Consider, for example, the pendulum analyzed in Sec. 13.4, 
which is released with no velocity from A; and allowed to swing in 
a vertical plane (Fig. 13.12). Measuring the potential energy from 
the level of Az, we have, at Aj, 


T, =0 V,=Wl T, + V, = Wl 
Recalling that at Ay the speed of the pendulum is v; = V2gl, we have 


1W 
To = 3mvz = ——(2el) =Wl V,=0 
3 M5 9 g (re) 9 
To + Vo = WI 


We thus check that the total mechanical energy E = T + V of the 
pendulum is the same at A; and Ay. Whereas the energy is entirely 
potential at Aj, it becomes entirely kinetic at Ag, and as the pendu- 
lum keeps swinging to the right, the kinetic energy is transformed 
back into potential energy. At As, T; = 0 and V3; = WI. 

Since the total mechanical energy of the pendulum remains 
constant and since its potential energy depends only upon its ele- 
vation, the kinetic energy of the pendulum will have the same 
value at any two points located on the same level. Thus, the speed 
of the pendulum is the same at A and at A’ (Fig. 13.12). This result 
can be extended to the case of a particle moving along any given 
path, regardless of the shape of the path, as long as the only forces 
acting on the particle are its weight and the normal reaction of the 
path. The particle of Fig. 13.13, for example, which slides in a 
vertical plane along a frictionless track, will have the same speed 
at A, A’, and A”. 

While the weight of a particle and the force exerted by a spring 
are conservative forces, friction forces are nonconservative forces. In 
other words, the work of a friction force cannot be expressed as a 
change in potential energy. The work of a friction force depends 
upon the path followed by its point of application; and while the 
work U_,) defined by (13.19) is positive or negative according to the 
sense of motion, the work of a friction force, as we noted in 
Sec. 13.14, is always negative. It follows that when a mechanical 
system involves friction, its total mechanical energy does not remain 
constant but decreases. The energy of the system, however, is not 
lost; it is transformed into heat, and the sum of the mechanical 
energy and of the thermal energy of the system remains constant. 

Other forms of energy can also be involved in a system. For 
instance, a generator converts mechanical energy into electric energy; 
a gasoline engine converts chemical energy into mechanical energy; 
a nuclear reactor converts mass into thermal energy. If all forms of 
energy are considered, the energy of any system can be considered 
as constant and the principle of conservation of energy remains valid 
under all conditions. 


13.9 MOTION UNDER A CONSERVATIVE CENTRAL 
FORCE. APPLICATION TO SPACE MECHANICS 


We saw in Sec. 12.9 that when a particle P moves under a central 
force F, the angular momentum Hp of the particle about the center 
of force O is constant. If the force F is also conservative, there exists 
a potential energy V associated with F, and the total energy E = 
T + V of the particle is constant (Sec. 13.8). Thus, when a particle 
moves under a conservative central force, both the principle of con- 
servation of angular momentum and the principle of conservation of 
energy can be used to study its motion. 

Consider, for example, a space vehicle of mass m moving under 
the earth’s gravitational force. Let us assume that it begins its free 
flight at point Pp at a distance rp from the center of the earth, with 
a velocity vy forming an angle ¢ 9 with the radius vector OP 
(Fig. 13.14). Let P be a point of the trajectory described by the 
vehicle; we denote by r the distance from O to P, by v the velocity 
of the vehicle at P, and by @ the angle formed by v and the radius 
vector OP. Applying the principle of conservation of angular momen- 
tum about O between Py and P (Sec. 12.9), we write 


reMvp sin dy = rmv sin d (13.25) 


Recalling the expression (13.17) obtained for the potential energy 
due to a gravitational force, we apply the principle of conservation 
of energy between Py and P and write 


To +b Vo =T+V 
1 9 GMm_ , 5, GMm 


zNvVp — =5mv — 
p) ro p) - 


(13.26) 


where M is the mass of the earth. 

Equation (13.26) can be solved for the magnitude v of the 
velocity of the vehicle at P when the distance r from O to P is known; 
Eq. (13.25) can then be used to determine the angle ¢ that the 
velocity forms with the radius vector OP. 

Equations (13.25) and (13.26) can also be used to determine 
the maximum and minimum values of r in the case of a satellite 
launched from Pp in a direction forming an angle ¢o with the 
vertical OPp (Fig. 13.15). The desired values of r are obtained by 
making @ = 90° in (13.25) and eliminating v between Eqs. (13.25) 
and (13.26). 

It should be noted that the application of the principles of 
conservation of energy and of conservation of angular momentum 
leads to a more fundamental formulation of the problems of space 
mechanics than does the method indicated in Sec. 12.12. In all cases 
involving oblique launchings, it will also result in much simpler com- 
putations. And while the method of Sec. 12.12 must be used when 
the actual trajectory or the periodic time of a space vehicle is to be 
determined, the calculations will be simplified if the conservation 
principles are first used to compute the maximum and minimum 
values of the radius vector r. 


13.9 Motion Under a Conservative Central 
Force. Application to Space Mechanics 


Fig. 13.15 
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SAMPLE PROBLEM 13.6 


A 20-lb collar slides without friction along a vertical rod as shown. The 
spring attached to the collar has an undeformed length of 4 in. and a con- 
stant of 3 lb/in. If the collar is released from rest in position 1, determine 
its velocity after it has moved 6 in. to position 2. 


SOLUTION 


Position 1. Potential Energy. The elongation of the spring is 
x, = 8in. — 4 in. = 4 in. 
and we have 
V, = gkx? = 5(3 lb/in.) (4 in.)? = 24 in - Ib 
Choosing the datum as shown, we have Ve Therefore, 
V, =V, + V, = 24in- Ib = 2 ft-lb 
Kinetic Energy. Since the velocity in position 1 is zero, T; = 0. 


Position 2. Potential Energy. The elongation of the spring is 


xo = 10 in. — 4 in. = 6 in. 
and we have 


V, = 3kx3 = $(3 lb/in.)(6in.)? = 54 in - lb 
V, = Wy = (20 lb)(—6 in.) = —120 in - lb 


Therefore, 


Wa = We ae Wy = 84 = 12) = S69 tim © Ip 
‘Ib 


Il 

| 
Tt 
ur 
= 


Kinetic Energy 


Dens 
Ty = xmv2 = 


Conservation of Energy. Applying the principle of conservation of energy 
between positions 1 and 2, we write 
Te Vo = 
0+ 2 ft - Ib = 0.31105 — 5.5 ft - Ib 
Oo = £4.91 ft/s 
v, = 491 fts| <q 


May 


D Position 2 


E 


w= 
<— 


ee 


Position I 


Datum B 


SAMPLE PROBLEM 13.7 


The 0.5-lb pellet is pushed against the spring at A and released from rest. 
Neglecting friction, determine the smallest deflection of the spring for 
which the pellet will travel around the loop ABCDE and remain at all times 
in contact with the loop. 


SOLUTION 


Required Speed at Point D. As the pellet passes through the highest point 
D, its potential energy will respect to gravity is maximum and thus, its 
kinetic energy and speed are minimum. Since the pellet must remain in 
contact with the loop, the force N exerted on the pellet by the loop must 
be equal to or greater than zero. Setting N = 0, we compute the smallest 
possible speed vp. 
+)>F, = ma,: 
vp 
——— 
r 


W = ma, mg = ma, 


an = iB 
Up = Ta, = rg = (2 ft)(32.2 fils”) = 64.4 ft/s" 
Position 1. Potential Energy. Denoting by x the deflection of the spring 
and noting that k = 3 lb/in. = 36 lb/ft, we write 
V. = $kx* = §(36 Ib/ft)x? = 18x” 
Choosing the datum at A, we have V, = 0; therefore 
Vi =V, + Vz = 18x" 


Kinetic Energy. 
have T, = 0. 


Since the pellet is released from rest, v, = 0 and we 


Position 2. Potential Energy. The spring is now undeformed; thus 
V,. = 0. Since the pellet is 4 ft above the datum, we have 
V, = Wy = (0.5 lb)(4 ft) = 2 ft - Ib 
V2 lp 
Kinetic Energy. Using the value of v}, obtained above, we write 


oe ep 
222 tts 
Conservation of Energy. Applying the principle of conservation of energy 
between positions J and 2, we write 
T) Ste Vi = To ate Vo 
O- 16 = 05 i Ib + 2b 
= Olooatt 


(64.4 ft?/s”) = 0.5 ft - Ib 


x=447in. 
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SAMPLE PROBLEM 13.8 


A sphere of mass m = 0.6 kg is attached to an elastic cord of constant k = 
100 N/m, which is undeformed when the sphere is located at the origin O. 
Knowing that the sphere may slide without friction on the horizontal surface 
and that in the position shown its velocity v, has a magnitude of 20 m/s, 
determine (a) the maximum and minimum distances from the sphere to the 
origin O, (b) the corresponding values of its speed. 


SOLUTION 


The force exerted by the cord on the sphere passes through the fixed point 
O, and its work can be expressed as a change in potential energy. It is 
therefore a conservative central force, and both the total energy of the 
sphere and its angular momentum about O are conserved. 


Conservation of Angular Momentum about O. At point B, where the 
distance from O is maximum, the velocity of the sphere is perpendicular to 
OB and the angular momentum is r,,mv,,. A similar property holds at point 
C, where the distance from O is minimum. Expressing conservation of angu- 
lar momentum between A and B, we write 


ramv, sin 60° = r,mv,, 


(0.5 m)(0.6 kg)(20 m/s) sin 60° = r,,(0.6 kg)u,, 


8.66 
Um = (1) 
Tm 
Conservation of Energy 
At point A:T, = ymvq = 3(0.6 kg)(20 m/s)” = 120 J 


100 N/m) (0.5 m)” = 12.5 J 


2( 
Va = akra = 3( 
At point B: = Tg = 3mvz, = 3(0.6kg)0?, = 0.30m, 
Vp = 5kr2, = $(100 N/m)r?, = 50r?, 


Applying the principle of conservation of energy between points A and B, 
we write 


TEN oF Va = Tz tr Vz 
120 + 12.5 = 0.302, + 50r?, (2) 


a. Maximum and Minimum Values of Distance. Substituting for v,, from 
Eq. (1) into Eq. (2) and solving for r;,, we obtain 


r2, = 2.468 or 0.1824 fm = 1.571 m, rr), = 0.427 m | 


b. Corresponding Values of Speed. Substituting the values obtained for 
r, and rj, into Eq. (1), we have 


Om = = Um = 5.51 m/s 
8.66 
a, = 0.427 vo, = 20.3 m/s 


Note. It can be shown that the path of the sphere is an ellipse of center O. 


= 36900km/h §AMPLE PROBLEM 13.9 


A satellite is launched in a direction parallel to the surface of the earth with 
a velocity of 36 900 km/h from an altitude of 500 km. Determine (a) the 
maximum altitude reached by the satellite, (b) the maximum allowable error 
in the direction of launching if the satellite is to go into orbit and come no 
closer than 200 km to the surface of the earth. 


SOLUTION 


Vo a. Maximum Altitude. We denote by A’ the point of the orbit farthest 
from the earth and by r; the corresponding distance from the center of the 
earth. Since the satellite is in free flight between A and A’, we apply the 


A ry A principle of conservation of energy: 
R 
ro TEN ar Va = Ty a Vy 
val 1 9 GMm_, »., GMm l 
xMUO = Mv] (1) 
Yo ry) 


Since the only force acting on the satellite is the force of gravity, which is 
a central force, the angular momentum of the satellite about O is conserved. 
Considering points A and A’, we write 
. 
romvy = TyMv, oh > OM = (2) 
ry) 
Substituting this expression for v; into Eq. (1), dividing each term by the 
mass m, and rearranging the terms, we obtain 


; 
a 2 
pi(1 a) _ GM ¢ *) 1+ 26M (3) 


2 2 
107) ro ry) unl Tovo0 


Recalling that the radius of the earth is R = 6370 km, we compute 


ry = 6370 km + 500 km = 6870 km = 6.87 X 10° m 
vo = 36 900 km/h = (36.9 X 10° m)/(3.6 X 10° s) = 10.25 X 10° m/s 
GM = gR° = (9.81 m/s’)(6.37 X 10° m)* = 398 X 10” m/s” 


Substituting these values into (3), we obtain r; = 66.8 X 10° m. 


Maximum altitude = 66.8 X 10° m — 6.37 X 10° m = 60.4 X 10° m = 
60 400 km <@ 


b. Allowable Error in Direction of Launching. The satellite is launched 
from Pp in a direction forming an angle ¢o with the vertical OP». The value 
of bo corresponding to ryin = 6370 km + 200 km = 6570 km is obtained 
by applying the principles of conservation of energy and of conservation of 
angular momentum between Pp and A: 
i.» GW 4 2 GMm 
gMvo — = gNinax 7 (4) 
Yo Tin 


roMvp sin do = Myin! NW max (5) 


Solving (5) for v,,; and then substituting for v,,,. into (4), we can solve (4) 
for sin #p. Using the values of vy) and GM computed in part a and noting 
that ro/min = 6870/6570 = 1.0457, we find 


sin do = 0.9801 Oy = OO? ae Ils? Allowable error = + 11.5° <@ 
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SOLVING PROBLEMS 
JN TOURSOWN 


cL this lesson you learned that when the work done by a force F acting on a 
particle A is independent of the path followed by the particle as it moves from 
a given position A, to a given position Ag (Fig. 13.11a), then a function V, called 
potential energy, can be defined for the force F. Such forces are said to be con- 
servative forces, and you can write 


Tig = Vix, Yi, 2) = Vie, Yo, 9) (13.19) 
or, for short, 
Urns = Vi — Vo (13.19') 
Note that the work is negative when the change in the potential energy is positive, 
ie., when Vz > Vj. 


Substituting the above expression into the equation for work and energy, you can 
write 


T, + V, = T2 + Vo (13.24) 


which shows that when a particle moves under the action of a conservative force 
the sum of the kinetic and potential energies of the particle remains constant. 


Your solution of problems using the above formula will consist of the following 
steps. 


1. Determine whether all the forces involved are conservative. If some of the 
forces are not conservative, for example if friction is involved, you must use the 
method of work and energy from the previous lesson, since the work done by such 
forces depends upon the path followed by the particle and a potential function 
does not exist. If there is no friction and if all the forces are conservative, you can 
proceed as follows. 


2. Determine the kinetic energy T = mv” at each end of the path. 


3. Compute the potential energy for all the forces involved at each end of 
the path. You will recall that the following expressions for the potential energy 
were derived in this lesson. 

a. The potential energy of a weight W close to the surface of the earth and 
at a height y above a given datum, 


Vz, = Wy (13.16) 


b. The potential energy of a mass m located at a distance r from the cen- 
ter of the earth, large enough so that the variation of the force of gravity must be 
taken into account, 

GMm 
V,=-—— (13.17) 


og 
a r 


where the distance r is measured from the center of the earth and V, is equal to 
zero at r = ®, 
c. The potential energy of a body with respect to an elastic force F = kx, 


V, = kx’ (13.18) 


where the distance x is the deflection of the elastic spring measured from its 
undeformed position and k is the spring constant. Note that V, depends only upon 
the deflection x and not upon the path of the body attached to the spring. Also, 
V, is always positive, whether the spring is compressed or elongated. 


4. Substitute your expressions for the kinetic and potential energies into 
Eq. (13.24). You will be able to solve this equation for one unknown, for example, 
for a velocity [Sample Prob. 13.6]. If more than one unknown is involved, you will 
have to search for another condition or equation, such as the minimum speed 
[Sample Prob. 13.7] or the minimum potential energy of the particle. For prob- 
lems involving a central force, a second equation can be obtained by using con- 
servation of angular momentum [Sample Prob. 13.8]. This is especially useful in 
applications to space mechanics [Sec. 13.9]. 
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PROBLEMS 


13.55 A force P is slowly applied to a plate that is attached to two springs 
and causes a deflection x». In each of the two cases shown, derive 
an expression for the constant k,, in terms of k; and kg, of the single 
spring equivalent to the given system, that is, of the single spring 
which will undergo the same deflection x9 when subjected to the 
same force P. 


Fig. P13.55 


13.56 A block of mass m is attached to two springs as shown. Knowing 
that in each case the block is pulled through a distance x from its 
equilibrium position and released, determine the maximum speed 
of the block in the subsequent motion. 


P 150 mm sls 150 mm—| 
Fig. P13. 
Fig. P13.57 ge PaSo8 


ae 13.57 A 1.2-kg collar C may slide without friction along a horizontal rod. 
It is attached to three springs, each of constant k = 400 N/m and 
150-mm undeformed length. Knowing that the collar is released 


4 from rest in the position shown, determine the maximum speed it 

| 3 k =16 lb/in. will reach in the ensuing motion. 
es 13.58 A 10-lb collar B can slide without friction along a horizontal rod 
s and is in equilibrium at A when it is pushed 5 in. to the right and 
° O released. The undeformed length of each spring is 12 in. and 
the constant of each spring is k = 1.6 lb/in. Determine (a) the 


maximum speed of the collar (b) the maximum acceleration of 
Fig. P13.58 the collar. 
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13.59 


13.60 


13.61 


13.62 


An elastic cord is stretched between two points A and B, located 
16 in. apart in the same horizontal plane. When stretched directly 
between A and B, the tension is 10 lb. The cord is then stretched 
as shown until its midpoint C has moved through 6 in. to C’; a force 
of 60 Ib is required to hold the cord at C’. A 0.2-lb pellet is placed 
at C’, and the cord is released. Determine the speed of the pellet 
as it passes through C. 


A 1.5-kg collar is attached to a spring and slides without friction 
along a circular rod in a horizontal plane. The spring has an unde- 
formed length of 150 mm and a constant k = 400 N/m. Knowing 
that the collar is in equilibrium at A and is given a slight push to 
get it moving, determine the velocity of the collar (a) as it passes 


through B, (b) as it passes through C. 


Fig. P13.60 


A 500-g collar can slide without friction on the curved rod BC in 
a horizontal plane. Knowing that the undeformed length of the 
spring is 80 mm and that k = 400 kN/m, determine (a) the velocity 
that the collar should be given at A to reach B with zero velocity, 
(b) the velocity of the collar when it eventually reaches C. 


A 3-kg collar can slide without friction on a vertical rod and is 
resting in equilibrium on a spring. It is pushed down, compressing 
the spring 150 mm, and released. Knowing that the spring con- 
stant is k = 2.6 kN/m, determine (a) the maximum height h 
reached by the collar above its equilibrium position, (b) the 
maximum speed of the collar. 


r 


h 
Zg k=2.6 kN/n 


L 


—_ 


Fig. P13.62 


F 


6in. >| 


Fig. P13.59 


150 mm 
= 


100 mm 


200 mm 


B 


Fig. P13.61 
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796 Kinetics of Particles: Energy and Momentum 13.63 It is shown in mechanics of materials that when an elastic beam 
Methods AB supports a block of weight W at a given point B, the deflection 

ys; (called the static deflection) is proportional to W. Show that if 

&) the same block is dropped from a height h onto the end B of a 

ai cantilever beam AB and does not bounce off, the maximum deflec- 

h tion y,, in the ensuing motion can be expressed as yy» = Ys: 


| . | (1+ V1+ 2h/y,,). Note that this formula is approximate, since 
A 


= In it is based on the assumption that there is no energy dissipated in 
the impact and that the weight of the beam is small compared to 
the weight of the block. 


Fig. P13.63 

13.64 A thin circular rod is supported in a vertical plane by a bracket at 
A. Attached to the bracket and loosely wound around the rod is a 
spring of constant k = 3 lb/ft and undeformed length equal to the 
are of circle AB. An 8-oz collar C, not attached to the spring, can 
slide without friction along the rod. Knowing that the collar is 
released from rest when @ = 30°, determine (a) the maximum 
height above point B reached by the collar, (b) the maximum speed 
of the collar. 


13.65 A thin circular rod is supported in a vertical plane by a bracket at 
A. Attached to the bracket and loosely wound around the rod is a 
spring of constant k = 3 lb/ft and undeformed length equal to the 
arc of circle AB. An 8-oz collar C, not attached to the spring, can 
slide without friction along the rod. Knowing that the collar is 
released from rest at an angle @ with the vertical, determine 

Fig. P13.64 and P13.65 (a) the smallest value of @ for which the collar will pass through 

D and reach point A, (b) the velocity of the collar as it reaches 

point A. 


13.66 A 2.7-lb collar can slide along the rod shown. It is attached to an 
elastic cord anchored at F, which has an undeformed length of 0.9 ft 
and spring constant of 5 lb/ft. Knowing that the collar is released 
from rest at A and neglecting friction, determine the speed of the 
collar (a) at B, (b) at E. 


Fig. P13.66 


13.67 The system shown is in equilibrium when ¢ = 0. Knowing that 


13.68 


13.69 


13.70 


13.71 


13.72 


initially ¢ = 90° and that block C is given a slight nudge when 
the system is in that position, determine the speed of the block as 
it passes through the equilibrium position ¢ = 0. Neglect the 
weight of the rod. 


2.1 ft 
0.3 ft 


Fig. P13.67 


A spring is used to stop a 50-kg package which is moving down a 
20° incline. The spring has a constant k = 30 kN/m and is held by 
cables so that it is initially compressed 50 mm. Knowing that the 
velocity of the package is 2 m/s when it is 8 m from the spring and 
neglecting friction, determine the maximum additional deforma- 
tion of the spring in bringing the package to rest. 


Solve Prob. 13.68 assuming the kinetic coefficient of friction 
between the package and the incline is 0.2. 


A 300-g pellet is released from rest at A and slides with friction 
along the surface shown. Determine the force exerted on the pel- 
let by the surface (a) just before the pellet reaches B, (b) immedi- 
ately after it has passed through B. 


Fig. P13.70 and P13.71 


A 300-¢ pellet is released from rest at A and slides without friction 
along the surface shown. Determine the force exerted on the pel- 
let by the surface (a) just before the pellet reaches C, (b) imme- 
diately after it has passed through C. 


A 1.2-lb collar can slide without friction along the semicircular rod 
BCD. The spring is of constant 1.8 Ib/in and its undeformed length 
is 8 in. Knowing that the collar is released from rest at B, deter- 
mine (a) the speed of the collar as it passes through C, (b) the 
force exerted by the rod on the collar at C. 


Problems 


Fig. P13.68 


Fig. P13.72 
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i 13.75 


— 13.76 


$$$ 


Vo 


Fig. P13.76 and P13.77 
*13.77 


*13.78 


Fig. P13.78 


A Llb collar is attached to a spring and slides without friction along 
a circular rod in a vertical plane. The spring has an undeformed 
length of 5 in. and a constant k = 10 lb/ft. Knowing that the collar is 
released from being held at A determine the speed of the collar and 
the normal force between the collar and the rod as the collar passes 
through B. 


A 200-g package is projected upward with a velocity vo by a spring 
at A; it moves around a frictionless loop and is deposited at C. For 
each of the two loops shown, determine (a) the smallest velocity 
vo for which the package will reach C, (b) the corresponding force 
exerted by the package on the loop just before the package leaves 
the loop at C. 


Fig. P13.74 


If the package of Prob. 13.74 is not to hit the horizontal surface at 
C with a speed greater than 3.5 m/s, (a) show that this requirement 
can be satisfied only by the second loop, (b) determine the largest 
allowable initial velocity vp when the second loop is used. 


The 2-lb ball at A is suspended by an inextensible cord and given 
an initial horizontal velocity of 16 ft/s. If / = 2 ft and xg = 0, 
determine yx so that the ball will enter the basket. 


The 2-lb ball at A is suspended by an inextensible cord and given 
an initial horizontal velocity of vo. If] = 2 ft, xg = 0.3 ft and 
yx = 0.4 ft determine the initial velocity vp so that the ball will 
enter the basket. 


Packages are moved from point A on the upper floor of a ware- 
house to point B on the lower floor, 12 ft directly below A, by 
means of a chute, the centerline of which is in the shape of a helix 
of vertical axis y and radius R = 8 ft. The cross section of the 
chute is to be banked in such a way that each package, after being 
released at A with no velocity, will slide along the centerline of the 
chute without ever touching its edges. Neglecting friction, 
(a) express as a function of the elevation y of a given point P of 
the centerline the angle ¢ formed by the normal to the surface of 
the chute at P and the principal normal of the centerline at that 
point, (b) determine the magnitude and direction of the force 
exerted by the chute on a 20-Ib package as it reaches point B. Hint: 
The principal normal to the helix at any point P is horizontal and 
directed toward the y axis, and the radius of curvature of the helix 
is p = R[1 + (h/27R)?]. 


*13.79 


13.80 


*13.81 


*13.82 


*13.83 


*13.84 


13.85 


13.86 


Prove that a force F(x, y, 2) is conservative if, and only if, the fol- 
lowing relations are satisfied: 


aF, OF, OF, @F. OF. OF, 
oy Ox Oz oy Ox Oz 


The force F = (yzi + zxj + xyk)/xyz acts on the particle P(x, y, 2) 
which moves in space. (a) Using the relation derived in Prob. 13.79, 
show that this force is a conservative force. (b) Determine the poten- 
tial function associated with F. 


A force F acts on a particle P(x, y) which moves in the xy plane. 
Determine whether F is a conservative force and compute the 
work of F when P describes in a clockwise sense the path A, B, C, 
A including the quarter circle + y =¢,if@F= kyi, (b) F = 
k(yi + xj). 


The potential function associated with a force P in space is 
known to be V(x, y, z) = —(x? + y" + z7)?. @ Determine the 
x, y, and z components of P. (b) Calculate the work done by 
P from O to D by integrating along the path OABD, and show 
that it is equal to the negative of the change in potential from 
O to D. 


(a) Calculate the work done from D to O by the force P of 
Prob. 13.82 by integrating along the diagonal of the cube. (b) Using 
the result obtained and the answer to part b of Prob. 13.82, verify 
that the work done by a conservative force around the closed path 
OABDO is zero. 


The force F = (xi + yj + zk? + y + <°)3” acts on the particle 
P(x, y, ) which moves in space. (a) Using the relations derived in 
Prob. 13.79, prove that F is a conservative force. (b) Determine the 
potential function V(x, y, z) associated with F. 


While describing a circular orbit 300 km above the earth a space 
vehicle launches a 3600-kg communications satellite. Determine 
(a) the additional energy required to place the satellite in a geo- 
synchronous orbit at an altitude of 35 770 km above the surface 
of the earth, (b) the energy required to place the satellite in the 
same orbit by launching it from the surface of the earth, excluding 
the energy needed to overcome air resistance. (A geosynchronous 
orbit is a circular orbit in which the satellite appears stationary 
with respect to the ground.) 


A satellite is to be placed in an elliptic orbit about the earth. 
Knowing that the ratio v,/vp of the velocity at the apogee A to the 
velocity at the perigee P is equal to the ratio rp/ry of the distance 
to the center of the earth at P to that at A, and that the distance 
between A and P is 80 000 km, determine the energy per unit 
mass required to place the satellite in its orbit by launching it from 
the surface of the earth. Exclude the additional energy needed to 
overcome the weight of the booster rocket, air resistance, and 
maneuvering. 


Problems 799 
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Fig. P13.82 


VA 


— 80 000 km 


Fig. P13.86 
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Fig. P13.93 


13.87 


13.88 


13.89 


13.90 


13.91 


13.92 


13.93 


13.94 


Knowing that the velocity of an experimental space probe fired 
from the earth has a magnitude v, = 20.2 X 10° mi/h at 
point A, determine the velocity of the probe as it passes 
through point B. 


A lunar excursion module (LEM) was used in the Apollo moon- 
landing missions to save fuel by making it unnecessary to launch 
the entire Apollo spacecraft from the moon’s surface on its return 
trip to earth. Check the effectiveness of this approach by comput- 
ing the energy per pound required for a spacecraft (as weighed 
on the earth) to escape the moon’s gravitational field if the space- 
craft starts from (a) the moon’s surface, (b) a circular orbit 50 mi 
above the moon’s surface. Neglect the effect of the earth’s gravi- 
tational field. (The radius of the moon is 1081 mi and its mass is 
0.0123 times the mass of the earth.) 


A satellite of mass m describes a circular orbit of radius r about 
the earth. Express (a) its potential energy, (b) its kinetic energy, 
(c) its total energy, as a function of r Denote the radius of the 
earth by R and the acceleration of gravity at the surface of the 
earth by g, and assume that the potential energy of the satellite is 
zero on its launching pad. 


How much energy per kilogram should be imparted to a satellite in 
order to place it in a circular orbit at an altitude of (a) 600 km, 


(b) 6000 km? 


(a) Show that, by setting r = R + y in the right-hand member of 
Eq. (13.17’) and expanding that member in a power series in y/R, 
the expression in Eq. (13.16) for the potential energy V, due to 
gravity is a first-order approximation for the expression given in 
Eq. (13.17'). (b) Using the same expansion, derive a second-order 
approximation for V,. 


Observations show that a celestial body traveling at 1.2 x 10° mi/h 
appears to be describing about point B a circle of radius equal to 60 
light years. Point B is suspected of being a very dense concentration 
of mass called a black hole. Determine the ratio Mp/Msg of the mass 
at B to the mass of the sun. (The mass of the sun is 330,000 times 
the mass of the earth, and a light year is the distance traveled by light 
in one year at a 186,300 mi/s.) 


A 200-g ball may slide on a horizontal frictionless surface and is 
attached to a fixed point O by means of an elastic cord of con- 
stant k = 150 N/m and undeformed length equal to 600 mm. 
The ball is placed at point A, 900 mm from O, and is given an 
initial velocity v, in a direction perpendicular to OA. Knowing 
that the ball passes a distance d = 100 m from O, determine 
(a) the initial speed v, of the ball, (b) its speed v after the cord 
has become slack. 


For the ball of Prob. 13.93, determine (a) the smallest magnitude 
of the initial velocity v, for which the elastic cord remains taut 
at all times, (b) the corresponding maximum speed reached by 


the ball. 


13.95 Collar A weighs 10 Ib and is attached to a spring of constant Problems QQ] 
50 lb/ft and of undeformed length equal to 18 in. The system is 
set in motion with r = 12 in., vg = 16 ft/s, and v, = 0. Neglecting 
the mass of the rod and the effect of friction, determine the pW 
radial and transverse components of the velocity of the collar nei, | 


when r = 21 in. +r 4 
13.96 For the motion described in Prob. 13.95, determine (a) the maxi- = 7 


—- 
mum distance between the origin and the collar, (b) the correspond- PM Vr 
ing speed. (Hint: Solve by trial and error the equation obtained Vo 
for r.) 

Cc 


13.97 Solve Sample Prob. 13.8, assuming that the elastic cord is replaced 
by a central force F of magnitude (80/r?) N directed toward O. Fig. P13.95 


13.98 A 1.8-kg collar A and a 0.7-kg collar B can slide without friction 
on a frame, consisting of the horizontal rod OE and the vertical 
rod CD, which is free to rotate about CD. The two collars are 
connected by a cord running over a pulley that is attached to the 
frame at O. At the instant shown, the velocity v, of collar A has a 
magnitude of 2.1 m/s and a stop prevents collar B from moving. 
If the stop is suddenly removed, determine (a) the velocity of collar 
A when it is 0.2 m from O, (b) the velocity of collar A when 
collar B comes to rest. (Assume that collar B does not hit O, that 
collar A does not come off rod OE, and that the mass of the frame 
is negligible.) 


a 0.1m Sf 


he 350 x 10° km 100 x 10° km 
Fig. P13.98 


b= =| 


13.99 Using the principles of conservation of energy and conservation of 
angular momentum, solve part a of Sample Prob. 12.9. 


13.100 A spacecraft traveling along a parabolic path toward the planet 
Jupiter is expected to reach point A with a velocity v, of magnitude 
26.9 km/s. Its engines will then be fired to slow it down, placing it 
into an elliptic orbit which will bring it to within 100 x 10° km of 
Jupiter. Determine the decrease in speed Av at point A which will 
place the spacecraft into the required orbit. The mass of Jupiter is 
319 times the mass of the earth. Fig. P13.100 


802 Kinetics of Particles: Energy and Momentum 13.101 After completing their moon-exploration mission, the two astro- 

peieds nauts forming the crew of an Apollo lunar excursion module (LEM) 
would prepare to rejoin the command module which was orbiting 
the moon at an altitude of 140 km. They would fire the LEM’s 
engine, bring it along a curved path to a point A, 8 km above the 
moon's surface, and shut off the engine. Knowing that the LEM 
was moving at that time in a direction parallel to the moon’s 
surface and that it then coasted along an elliptic path to a rendez- 
vous at B with the command module, determine (a) the speed of 
the LEM at engine shutoff, (b) the relative velocity with which the 
command module approached the LEM at B. (The radius of the 
moon is 1740 km and its mass is 0.01230 times the mass of 


Fig. P13.101 the earth.) 


140 km 


1740 km © 


13.102 The optimal way of transferring a space vehicle from an inner cir- 
cular orbit to an outer coplanar circular orbit is to fire its engines 
as it passes through A to increase its speed and place it in an elliptic 
transfer orbit. Another increase in speed as it passes through B will 
place it in the desired circular orbit. For a vehicle in a circular orbit 
about the earth at an altitude h, = 200 mi, which is to be trans- 
ferred to a circular orbit at an altitude h, = 500 mi, determine 
(a) the required increases in speed at A and at B, (b) the total 
energy per unit mass required to execute the transfer. 


13.103 A spacecraft approaching the planet Saturn reaches point A with 
a velocity v, of magnitude 68.8 X 10° ft/s. It is to be placed in an 
elliptic orbit about Saturn so that it will be able to periodically 
examine Tethys, one of Saturn’s moons. Tethys is in a circular orbit 
of radius 183 X 10° mi about the center of Saturn, traveling at a 
speed of 37.2 X 10° ft/s. Determine (a) the decrease in speed 
required by the spacecraft at A to achieve the desired orbit, 
(b) the speed of the spacecraft when it reaches the orbit of Tethys 
at B. 


Fig. P13.102 


115 x 103 mi 183 x 10° mi 


pe a =| 


Fig. P13.103 


13.104 A spacecraft is describing an elliptic orbit of minimum altitude Problems QQ3 
ha, = 2400 km and maximum altitude hg = 9600 km above the 
surface of the earth. Determine the speed of the spacecraft at A. 


Fig. P13.104 


13.105 A spacecraft describing an elliptic orbit about the earth has a maxi- 
mum speed v, = 26.3 X 10° km/h at A and a minimum speed 
vp = 18.5 X 10° km/h at B. Determine the altitude of the space- 
craft at B. 


13.106 Upon the LEM’s return to the command module, the Apollo 
spacecraft of Prob. 13.10] was turned around so that the LEM 
faced to the rear. The LEM was then cast adrift with a velocity of 
200 m/s relative to the command module. Determine the magni- 
tude and direction (angle ¢ formed with the vertical OC) of the 
velocity vc of the LEM just before it crashed at C on the moon’s 
surface. Fig. P13.106 


13.107 A satellite is projected into space with a velocity vp at a distance 
ro from the center of the earth by the last stage of its launching 
rocket. The velocity vp was designed to send the satellite into a 
circular orbit of radius ry. However, owing to a malfunction of 
control, the satellite is not projected horizontally but at an angle 
a with the horizontal and, as a result, is propelled into an elliptic 
orbit. Determine the maximum and minimum values of the dis- 
tance from the center of the earth to the satellite. 


Fig. P13.107 
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42, 140 km R=6370 km 


Intended 


trajectory 


Actual 
trajectory 


Fig. P13.108 


*13.110 


13.111 


R=1740 km 
Fig. P13.111 


A space platform is in a circular orbit about the earth at an alti- 
tude of 300 km. As the platform passes through A, a rocket car- 
rying a communications satellite is launched from the platform 
with a relative velocity of magnitude 3.44 km/s in a direction 
tangent to the orbit of the platform. This was intended to place 
the rocket in an elliptic transfer orbit bringing it to point B, where 
the rocket would again be fired to place the satellite in a geosyn- 
chronous orbit of radius 42 140 km. After launching, it was dis- 
covered that the relative velocity imparted to the rocket was too 
large. Determine the angle y at which the rocket will cross the 
intended orbit at point C. 


13.109 A space vehicle is in a circular orbit at an altitude of 225 mi above 


the earth. To return to earth, it decreases its speed as it passes 
through A by firing its engine for a short interval of time in a 
direction opposite to the direction of its motion. Knowing that the 
velocity of the space vehicle should form an angle @g = 60° with 
the vertical as it reaches point B at an altitude of 40 mi, determine 
(a) the required speed of the vehicle as it leaves its circular orbit 
at A, (b) its speed at point B. 


225 mi 


R= 3960 mi 
Fig. P13.109 


In Prob. 13.109, the speed of the space vehicle was decreased as it 
passed through A by firing its engine in a direction opposite to the 
direction of motion. An alternative strategy for taking the space vehi- 
cle out of its circular orbit would be to turn it around so that its engine 
would point away from the earth and then give it an incremental 
velocity Av, toward the center O of the earth. This would likely 
require a smaller expenditure of energy when firing the engine at A, 
but might result in too fast a descent at B. Assuming this strategy 
is used with only 50 percent of the energy expenditure used in 
Prob. 13.109, determine the resulting values of bg and v,. 


When the lunar excursion module (LEM) was set adrift after return- 
ing two of the Apollo astronauts to the command module, which 
was orbiting the moon at an altitude of 140 km, its speed was 
reduced to let it crash on the moon’s surface. Determine (a) the 
smallest amount by which the speed of the LEM should have been 
reduced to make sure that it would crash on the moon’s surface, 
(b) the amount by which its speed should have been reduced to 
cause it to hit the moon’s surface at a 45° angle. (Hint: Point A is at 
the apogee of the elliptic crash trajectory. Recall also that the mass 
of the moon is 0.0123 times the mass of the earth.) 


*13.112 A space probe describes a circular orbit of radius nR with a velocity 


13.113 


13.114 


13.115 


13.116 


*13.117 


vo about a planet of radius R and center O. Show that (a) in order 
for the probe to leave its orbit and hit the planet at an angle 6 with 
the vertical, its velocity must be reduced to avo, where 

2(n — 1) 


n> — sin’ 0 


(b) the probe will not hit the planet if @ is larger than \/9/(1 + n)- 


a = sin@ 


Show that the values v, and vp of the speed of an earth satellite 
at the apogee A and the perigee P of an elliptic orbit are defined 
by the relations 


3 2GM rp 2 2GM ra 
VA 


Up 
ra + rp ra ra + rp rp 


where M is the mass of the earth, and r, and rp represent, respec- 
tively, the maximum and minimum distances of the orbit to the 
center of the earth. 


Show that the total energy E of an earth satellite of mass m describ- 
ing an elliptic orbit is E = —GMm/(r, + rp), where M is the mass 
of the earth, and ry and rp represent, respectively, the maximum and 
minimum distances of the orbit to the center of the earth. (Recall 
that the gravitational potential energy of a satellite was defined as 
being zero at an infinite distance from the earth.) 


A spacecraft of mass m describes a circular orbit of radius r, 
around the earth. (a) Show that the additional energy AE which 
must be imparted to the spacecraft to transfer it to a circular orbit 
of larger radius rg is 


7 GMm (ro = r1) 
2ryro 


AE 


where M is the mass of the earth. (b) Further show that if the 
transfer from one circular orbit to the other is executed by placing 
the spacecraft on a transitional semielliptic path AB, the amounts 
of energy AE, and AE, which must be imparted at A and B are, 
respectively, proportional to r, and 1: 


YT r| 


AE, = AE AE, = 


ry + 1 rT) + 1 


AE 


A missile is fired from the ground with an initial velocity vp forming 
an angle oo with the vertical. If the missile is to reach a maximum 
altitude equal to aR, where R is the radius of the earth, (a) show 
that the required angle ¢ is defined by the relation 


sind = (1 + a@)4/1 2 (=) 


lt+a vo 


where 0,.. is the escape velocity, (b) determine the range of allow- 
able values of vo. 


Using the answers obtained in Prob. 13.107, show that the intended 
circular orbit and the resulting elliptic orbit intersect at the ends 
of the minor axis of the elliptic orbit. 


Problems 


Fig. P13.113 and P13.114 


Fig. P13.115 
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Photo 13.1 


Photo 13.2 This impact test between an F-4 
Phantom and a rigid reinforced target was to 
determine the impact force as a function of time. 


*13.118 (a) Express in terms of yin and U,,,, the angular momentum per 
unit mass, h, and the total energy per unit mass, E/m, of a space 
vehicle moving under the gravitational attraction of a planet of 
mass M (Fig. 13.15). (b) Eliminating v,,,, between the equations 
obtained, derive the formula 


1 GM QE ( h ) 
= ag) al oa i 
Tin ho m\GM 


(c) Show that the eccentricity £ of the trajectory of the vehicle can 


be expressed as 
22 ( h ) 
e=,/1+—(—— 
m \GM 


(d) Further show that the trajectory of the vehicle is a hyperbola, 
an ellipse, or a parabola, depending on whether E is positive, nega- 
tive, or zero. 


13.10 PRINCIPLE OF IMPULSE AND MOMENTUM 


A third basic method for the solution of problems dealing with the 
motion of particles will be considered now. This method is based on 
the principle of impulse and momentum and can be used to solve 
problems involving force, mass, velocity, and time. It is of particular 
interest in the solution of problems involving impulsive motion and 
problems involving impact (Secs. 13.11 and 13.12). 

Consider a particle of mass m acted upon by a force F. As we 
saw in Sec. 12.3, Newton’s second law can be expressed in the form 


F= ae 


r (13.27) 


where mv is the linear momentum of the particle. Multiplying both 
sides of Eq. (13.27) by dt and integrating from a time ft, to a time fy, 
we write 


F dt = d(mv) 


tg 
| F dt = mvy — mv, 


ty 


or, transposing the last term, 


ty 
mv, + | F dt = mvs (13.28) 
ty 
The integral in Eq. (13.28) is a vector known as the linear impulse, 
or simply the impulse, of the force F during the interval of time 


considered. Resolving F into rectangular components, we write 


to 
Imp,.. = | F dt 


ty ty ty 
i| F, dt +l F, dt + K| F.dt (13.29) 
t t t 


1 1 1 


and note that the components of the impulse of the force F are, 
respectively, equal to the areas under the curves obtained by plotting 
the components F,, F,, and F, against t (Fig. 13.16). In the case of a 
force F of constant magnitude and direction, the impulse is repre- 
sented by the vector F(t; — ¢,), which has the same direction as F. 
If SI units are used, the magnitude of the impulse of a force is 
expressed in N - s. But, recalling the definition of the newton, we have 


Ns = (kg: m/s’) +s = kg: m/s 


which is the unit obtained in Sec. 12.4 for the linear momentum of 
a particle. We thus check that Eq. (13.28) is dimensionally correct. 
If U.S. customary units are used, the impulse of a force is expressed 
in Ib-s, which is also the unit obtained in Sec. 12.4 for the linear 
momentum of a particle. 

Equation (13.28) expresses that when a particle is acted upon by 
a force F during a given time interval, the final momentum mvy of the 
particle can be obtained by adding vectorially its initial momentum 
mv, and the impulse of the force F during the time interval considered 


MVo 


eo 


Fig. 13.17 


(Fig. 13.17). We write 


(13.30) 


We note that while kinetic energy and work are scalar quantities, 
momentum and impulse are vector quantities. To obtain an analytic 
solution, it is thus necessary to replace Eq. (13.30) by the corre- 
sponding component equations 


to 
(mv,), + | F,. dt = (mv,) 
ty 
tg 


(mv,)1 + | 'F, dt = (mv,)s (13.31) 


ty 
to 

(mv,)1 + | Ey dt = (mvz)s 
th 


When several forces act on a particle, the impulse of each of 
the forces must be considered. We have 


(13.32) 


13.10 Principle of Impulse and Momentum 


ty ty 


+ 


+ 


Fig. 13.16 
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Again, the equation obtained represents a relation between vector 
quantities; in the actual solution of a problem, it should be replaced 
by the corresponding component equations. 

When a problem involves two particles or more, each particle 
can be considered separately and Eq. (13.32) can be written for each 
particle. We can also add vectorially the momenta of all the particles 
and the impulses of all the forces involved. We write then 


xXmy, + X Imp... = Zmve (13.33) 


Since the forces of action and reaction exerted by the particles on 
each other form pairs of equal and opposite forces, and since the time 
interval from f, to ty is common to all the forces involved, the impulses 
of the forces of action and reaction cancel out and only the impulses 
of the external forces need be considered. t 

If no external force is exerted on the particles or, more gener- 
ally, if the sum of the external forces is zero, the second term in 
Eq. (13.33) vanishes and Eq. (13.33) reduces to 


xX<mv, = Umve (13.34) 


which expresses that the total momentum of the particles is con- 
served. Consider, for example, two boats, of mass m, and mg, initially 
at rest, which are being pulled together (Fig. 13.18). If the resistance 


Fig. 13.18 


of the water is neglected, the only external forces acting on the boats 
are their weights and the buoyant forces exerted on them. Since 
these forces are balanced, we write 


Xmv, = ZnNvo 
0 = mavh + Mmpvp 


where v4 and vz represent the velocities of the boats after a finite 
interval of time. The equation obtained indicates that the boats move 
in opposite directions (toward each other) with velocities inversely 
proportional to their masses. 


tWe should note the difference between this statement and the corresponding 
statement made in Sec. 13.4 regarding the work of the forces of action and reaction 
between several particles. While the sum of the impulses of these forces is always zero, 
the sum of their work is zero only under special circumstances, e.g., when the various 
bodies involved are connected by inextensible cords or links and are thus constrained to 
move through equal distances. 


{Blue equals signs are used in Fig. 13.18 and throughout the remainder of this chapter 
to express that two systems of vectors are equipollent, i.e., that they have the same 
resultant and moment resultant (cf. Sec. 3.19). Red equals signs will continue to be 
used to indicate that two systems of vectors are equivalent, i.e., that they have the same 
effect. This and the concept of conservation of momentum for a system of particles will 
be discussed in greater detail in Chap. 14. 


13.11 IMPULSIVE MOTION 


A force acting on a particle during a very short time interval that is 
large enough to produce a definite change in momentum is called 
an impulsive force and the resulting motion is called an impulsive 
motion. For example, when a baseball is struck, the contact between 
bat and ball takes place during a very short time interval At. But the 
average value of the force F exerted by the bat on the ball is very 
large, and the resulting impulse F At is large enough to change the 
sense of motion of the ball (Fig. 13.19). 

When impulsive forces act on a particle, Eq. (13.32) becomes 


Any force which is not an impulsive force may be neglected, since 
the corresponding impulse F At is very small. Nonimpulsive forces 
include the weight of the body, the force exerted by a spring, or any 
other force which is known to be small compared with an impulsive 
force. Unknown reactions may or may not be impulsive; their 
impulses should therefore be included in Eq. (13.35) as long as they 
have not been proved negligible. The impulse of the weight of the 
baseball considered above, for example, may be neglected. If the 
motion of the bat is analyzed, the impulse of the weight of the bat 
can also be neglected. The impulses of the reactions of the player's 
hands on the bat, however, should be included; these impulses will 
not be negligible if the ball is incorrectly hit. 

We note that the method of impulse and momentum is particu- 
larly effective in the analysis of the impulsive motion of a particle, 
since it involves only the initial and final velocities of the particle and 
the impulses of the forces exerted on the particle. The direct applica- 
tion of Newton's second law, on the other hand, would require the 
determination of the forces as functions of the time and the integra- 
tion of the equations of motion over the time interval At. 

In the case of the impulsive motion of several particles, 
Eq. (13.33) can be used. It reduces to 


xmv, + =F At = =mvo (13.36) 


where the second term involves only impulsive, external forces. If all 
the external forces acting on the various particles are nonimpulsive, 
the second term in Eq. (13.36) vanishes and this equation reduces 
to Eq. (13.34). We write 


xXmv, = Umve (13.34) 


which expresses that the total momentum of the particles is con- 
served. This situation occurs, for example, when two particles which 
are moving freely collide with one another. We should note, however, 
that while the total momentum of the particles is conserved, their 
total energy is generally not conserved. Problems involving the col- 
lision or impact of two particles will be discussed in detail in 
Secs. 13.12 through 13.14. 


mv, 


— 


Fig. 13.19 
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SAMPLE PROBLEM 13.10 


An automobile weighing 4000 Ib is driven down a 5° incline at a speed of 
60 mi/h when the brakes are applied, causing a constant total braking force 
(applied by the road on the tires) of 1500 Ib. Determine the time required 
for the automobile to come to a stop. 


SOLUTION 


We apply the principle of impulse and momentum. Since each force is 
constant in magnitude and direction, each corresponding impulse is equal 
to the product of the force and of the time interval t. 


Wt 


mv 
Ft 


my, + = Impj.. = mvp 
+\\ components: mv, + (W sin 5°)t — Ft = 0 
(4000/32.2)(88 ft/s) + (4000 sin 5°)t — 1500t = 0 t=949s < 


<7 SAMPLE PROBLEM 13.11 
<> 120 ft/s 


7 A 4-0z baseball is pitched with a velocity of 80 ft/s toward a batter. After 
Pa the ball is hit by the bat B, it has a velocity of 120 ft/s in the direction 
“00 shown. If the bat and ball are in contact 0.015 s, determine the average 
. >= —+4+---- impulsive force exerted on the ball during the impact. 


80 ft/s 


SOLUTION 


We apply the principle of impulse and momentum to the ball. Since the 
weight of the ball is a nonimpulsive force, it can be neglected. 
my, + = Imp). = mvs 
3x components: —mv, + F, At = mvs cos 40° 
4 4 


MVo 16 


fs) + F.(0.015 s) = —°— (190 #/ 40° 
ra 30.9 -00 t/s) (0.015 s) 30.9 s) cos 


—<——() ft QO = @& F, = +89.0 lb 


B34 
F,! ¢ +y components: @ ela, At = mvg sin 40° 
4 


ie F,(0.015 s) = ae ft/s) sin 40° 


F, = +39.9 Ib 


From its components F, and F,, we determine the magnitude and direction 
of the force F: 


F = 97.5 lb 4 242° 
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SAMPLE PROBLEM 13.12 


A 10-kg package drops from a chute into a 25-kg cart with a velocity of 3 m/s. 
Knowing that the cart is initially at rest and can roll freely, determine (a) the 
final velocity of the cart, (b) the impulse exerted by the cart on the package, 
(c) the fraction of the initial energy lost in the impact. 


SOLUTION 


We first apply the principle of impulse and momentum to the package-cart 
system to determine the velocity v2 of the cart and package. We then apply 
the same principle to the package alone to determine the impulse F At 
exerted on it. 


a. Impulse-Momentum Principle: Package and Cart 


as Ney| = 
gen Mae es mel 


mpv, + & Impi42 = (mp + moe)v: 

4x components: mMptv, cos 30° + 0 = (mp + me)v 
(10 kg)(3 m/s) cos 30° = (10 kg + 25 kg)us 

vo = 0.742 mss 


V9 
ep) 


We note that the equation used expresses conservation of momentum in the 
x direction. 


b. Impulse-Momentum Principle: Package 


MpV1 
30' 


Fy! t 


mpv; + = Imp)... = mpvo 
+> x components: (10 kg)(3 m/s) cos 30° + F, At = (10 kg)(0.742 m/s) 


IB, ING = = NUS515) IN| oS 
+y components: —mpv, sin 30° + F, At = 0 
—(10 kg)(3 m/s) sin 30° + F, At = 0 
F, At = +15 N~-s 


The impulse exerted on the package is F At = 23.9N - s Ss 38.9° 
c. Fraction of sig Lost. The initial and final energies are 
T, = xmpv? = 5(10 kg)(3 m/s)? = = 45] 
Ts = 3(mp + mc)v3 = $(10 kg + 25 kg) (0.742 m/s)? = 9.63 J 
T, —T, 45) — 9.63] 


The fraction of energy lost is T, = 45] = 0.786 <4 
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SOLVING IPROBLEMS 
JN TOUR OWN 


LT this lesson we integrated Newton's second law to derive the principle of 
impulse and momentum for a particle. Recalling that the linear momentum of 
a particle was defined as the product of its mass m and its velocity v [Sec. 12.3], 
we wrote 


mv, + = Imp). = mvp (13.32) 


This equation expresses that the linear momentum mvs of a particle at time ty can 
be obtained by adding to its linear momentum my, at time f, the impulses of the 
forces exerted on the particle during the time interval t, to to. For computing 
purposes, the momenta and impulses may be expressed in terms of their rectan- 
gular components, and Eq. (13.32) can be replaced by the equivalent scalar equa- 
tions. The units of momentum and impulse are N - s in the SI system of units 
and lb - s in U.S. customary units. To solve problems using this equation you can 
follow these steps: 


1. Draw a diagram showing the particle, its momentum at ¢; and at ts, and the 
impulses of the forces exerted on the particle during the time interval t, to ft. 


2. Calculate the impulse of each force, expressing it in terms of its rectangular 
components if more than one direction is involved. You may encounter the follow- 
ing cases: 
a. The time interval is finite and the force is constant. 
Imp)... = F(t. — t)) 


b. The time interval is finite and the force is a function of ft. 


tg 


ty} 


c. The time interval is very small and the force is very large. The force is 
called an impulsive force and its impulse over the time interval t2 — t; = A¢ is 


Imp)_.» =F At 


Note that this impulse is zero for a nonimpulsive force such as the weight of a 
body, the force exerted by a spring, or any other force which is known to be small 
by comparison with the impulsive forces. Unknown reactions, however, cannot be 
assumed to be nonimpulsive and their impulses should be taken into account. 


3. Substitute the values obtained for the impulses into Eq. (13.32) or into the 
equivalent scalar equations. You will find that the forces and velocities in the 
problems of this lesson are contained in a plane. You will, therefore, write two 
scalar equations and solve these equations for two unknowns. These unknowns 
may be a time [Sample Prob. 13.10], a velocity and an impulse [Sample 
Prob. 13.12], or an average impulsive force [Sample Prob. 13.11]. 


4. When several particles are involved, a separate diagram should be drawn 
for each particle, showing the initial and final momentum of the particle, as well 
as the impulses of the forces exerted on the particle. 

a. It is usually convenient, however, to first consider a diagram including all 
the particles. This diagram leads to the equation 


xXmv,; + X Imp)... = Zmvy (13.33) 


where the impulses of only the forces external to the system need be considered. 
Therefore, the two equivalent scalar equations will not contain any of the impulses 
of the unknown internal forces. 

b. If the sum of the impulses of the external forces is zero, Eq. (13.33) 
reduces to 


xXmv, = Umve (13.34) 


which expresses that the total momentum of the particles is conserved. This occurs 
either if the resultant of the external forces is zero or, when the time interval At 
is very short (impulsive motion), if all the external forces are nonimpulsive. Keep 
in mind, however, that the total momentum may be conserved in one direction, 
but not in another [Sample Prob. 13.12]. 
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PROBLEMS 


Fig. P13.121 


13.119 


13.121 


13.122 


13.123 


Fig. P13.123 


814 


13.124 


A 1200-kg automobile is moving at a speed of 90 km/h when the 
brakes are fully applied, causing all four wheels to skid. Determine 
the time required to stop the automobile (a) on dry pavement 
(ux = 0.75), (b) on an icy road (wu, = 0.10). 


13.120 A 40,000-ton ocean liner has an initial velocity of 2.5 mi/h. 


Neglecting the frictional resistance of the water, determine the 
time required to bring the liner to rest by using a single tugboat 
which exerts a constant force of 35 kips. 


The initial velocity of the block in position A is 30 ft/s. Knowing 
that the coefficient of kinetic friction between the block and the 
plane is u, = 0.30, determine the time it takes for the block to 
reach B with zero velocity, if (a) 6 = 0, (b) 6 = 20°. 


A 2-kg particle is acted upon by the force, expressed in newtons, 
F=(8-—6)i+ 4 rj + (4 + t)k. Knowing that the velocity 
of the particle is v = (150 m/s)i + (100 m/s)j — (250 m/s)k at 
t = 0, determine (a) the time at which the velocity of the particle 
is parallel to the yz plane, (b) the corresponding velocity of the 
particle. 


Skid marks on a drag race track indicate that the rear (drive) 
wheels of a car slip for the first 60 ft of the 1320-ft track. 
(a) Knowing that the coefficient of kinetic friction is 0.60, deter- 
mine the shortest possible time for the car to travel the initial 
60-ft portion of the track if it starts from rest with its front 
wheels just off the ground. (b) Determine the minimum time for 
the car to run the whole race if, after skidding for 60 ft, the wheels 
roll without sliding for the remainder of the race. Assume for the 
rolling portion of the race that 60 percent of the weight is on the 
rear wheels and that the coefficient of static friction is 0.85. 
Ignore air resistance and rolling resistance. 


A truck is traveling on a level road at a speed of 90 km/h when its 
brakes are applied to slow it down to 30 km/h. An antiskid braking 
system limits the braking force to a value at which the wheels of 
the truck are just about to slide. Knowing that the coefficient of 
static friction between the road and the wheels is 0.65, determine 
the shortest time needed for the truck to slow down. 


13.125 A truck is traveling down a road with a 4-percent grade at a speed 


of 60 mi/h when its brakes are applied to slow it down to 20 mi/h. 
An antiskid braking system limits the braking force to a value 
at which the wheels of the truck are just about to slide. Knowing 
that the coefficient of static friction between the road and the 
wheels is 0.60, determine the shortest time needed for the truck 
to slow down. 


13.126 


13.127 


13.128 


13.129 


13.130 


13.131 


13.132 


13.133 


Baggage on the floor of the baggage car of a high-speed train is 
not prevented from moving other than by friction. Determine the 
smallest allowable value of the coefficient of static friction between 
a trunk and the floor of the car if the trunk is not to slide when 
the train decreases its speed at a constant rate from 200 km/h to 
90 kiv/h in a time interval of 12 s. 


Solve Prob. 13.126, assuming that the train is going down a 
5-percent grade. 


A sailboat weighing 980 Ib with its occupants is running down 
wind at 8 mi/h when its spinnaker is raised to increase its speed. 
Determine the net force provided by the spinnaker over the 10-s 
interval that it takes for the boat to reach a speed of 12 mi/h. 


A light train made of two cars travels at 45 mi/h. Car A weighs 
18 tons, and car B weighs 13 tons. When the brakes are applied, 
a constant braking force of 4300 lb is applied to each car. Deter- 
mine (a) the time required for the train to stop after the brakes 
are applied, (b) the force in the coupling between the cars while 
the train is slowing down. 


Solve Prob. 13.129, assuming that a constant braking force of 
4300 lb is applied to car B but that the brakes on car A are 
not applied. 


A trailer truck with a 2000-kg cab and an 8000-kg trailer is travel- 
ing on a level road at 90 km/h. The brakes on the trailer fail and 
the antiskid system of the cab provides the largest possible force 
which will not cause the wheels of the cab to slide. Knowing that 
the coefficient of static friction is 0.65, determine (a) the shortest 
time for the rig to come to a stop, (b) the force in the coupling 
during that time. 


An 8-kg cylinder C rests on a 4-kg platform A supported by a cord 
which passes over the pulleys D and E and is attached to a 4-kg 
block B. Knowing that the system is released from rest, determine 
(a) the velocity of block B after 0.8 s, (b) the force exerted by the 
cylinder on the platform. 


4kg 
Fig. P13.132 


The system shown is released from rest. Determine the time it 
takes for the velocity of A to reach 1 m/s. Neglect friction and the 
mass of the pulleys. 
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Fig. P13.128 


45 mi/h 


A 18 tons B 13 tons 
SRE 


Fig. P13.129 


90 km/h 
<—— 


8000 kg 


2000 kg mrt 


Fig. P13.131 


Fig. P13.133 


816 Kinetics of Particles: Energy and Momentum 13.134 A 4-lb collar which can slide on a frictionless vertical rod is acted 
Methods upon by a force P which varies in magnitude as shown. Knowing 
P (Ib) that the collar is initially at rest, determine its velocity at (a) t = 

25, (b)t =3:s. 


13.135 A 4-lb collar which can slide on a frictionless vertical rod is acted 
upon by a force P which varies in magnitude as shown. Knowing 
that the collar is initially at rest, determine (a) the maximum speed 
of the collar, (b) the time when the velocity is zero. 


0 1 2 3 ¢(s) 13-136 A 125-lb block initially at rest is acted upon by a force P which 

, varies as shown. Knowing that the coefficients of friction between 

igs ESs1o0 end Pigst2° the block and the horizontal surface are w, = 0.50 and pw, = 0.40, 

determine (a) the time at which the block will start moving, 

(b) the maximum speed reached by the block, (c) the time at which 
the block will stop moving. 


13.137 Solve Prob. 13.136, assuming that the weight of the block is 175 Ib. 


13.138 A simplified model consisting of a single straight line is to be 
obtained for the variation of pressure inside the 10-mm-diameter 
barrel of a rifle as a 20-g bullet is fired. Knowing that it takes 
1.6 ms for the bullet to travel the length of the barrel and that 
the velocity of the bullet upon exit is 700 m/s, determine the value 
of po. 


p (MPa) 


Fig. P13.136 


16 
Fig. P13.138 


13.139 The following mathematical model was suggested for the variation 
in pressure inside the 10-mm-diameter barrel of a rifle as a 25-g 
bullet was fired: 


p(t) = (950 MPa)e “016 »») 


where ¢ is expressed in ms. Knowing that it took 1.44 ms for the 
bullet to travel the length of the barrel and that the velocity of the 
bullet upon exit was measured to be 520 m/s, determine the per- 
cent error introduced if the above equation is used to calculate the 


12 m/s 
4 eee — muzzle velocity of the rifle. 


13.140 The triple jump is a track-and-field event in which an athlete gets 
a running start and tries to leap as far as he can with a hop, step, 
and jump. Shown in the figure is the initial hop of the athlete. 
Assuming that he approaches the takeoff line from the left with a 
horizontal velocity of 10 m/s, remains in contact with the ground 
for 0.18 s, and takes off at a 50° angle with a velocity of 12 m/s, 
determine the vertical component of the average impulsive force 
exerted by the ground on his foot. Give your answer in terms of 

Fig. P13.140 the weight W of the athlete. 


13.141 The last segment of the triple jump track-and-field event is the 
jump, in which the athlete makes a final leap, landing in a sand- 
filled pit. Assuming that the velocity of a 185-lb athlete just before 
landing is 30 ft/s at an angle of 35° with the horizontal and that 
the athlete comes to a complete stop in 0.22 s after landing, deter- 
mine the horizontal component of the average impulsive force 
exerted on his feet during landing. 


13.142 An estimate of the expected load on over-the-shoulder seat belts 
is to be made before designing prototype belts that will be evalu- 
ated in automobile crash tests. Assuming that an automobile travel- 
ing at 45 mi/h is brought to a stop in 110 ms, determine 
(a) the average impulsive force exerted by a 200-lb man on the 
belt, (b) the maximum force F,,, exerted on the belt if the force- 
time diagram has the shape shown. 


Fig. P13.142 


13.143 A 46-g golf ball is hit with a golf club and leaves it with a veloc- 
ity of 50 m/s. We assume that for 0 = t = to, where tg is the 
duration of the impact, the magnitude F of the force exerted on 
the ball can be expressed as F = F,, sin (7t/to). Knowing that 
t) = 0.5 ms, determine the maximum value F,, of the force 
exerted on the ball. 


13.144 The design for a new cementless hip implant is to be studied using 
an instrumented implant and a fixed simulated femur. Assuming 
the punch applies an average force of 2 kN over a time of 2 ms to 
the 200 g implant, determine (a) the velocity of the implant imme- 
diately after impact, (b) the average resistance of the implant to 
penetration if the implant moves 1 mm before coming to rest. 


13.145 A 20-M¢g railroad car moving at 4 km/h is to be coupled to a 40-Mg 
car which is at rest with locked wheels (u, = 0.30). Determine 
(a) the velocity of both cars after the coupling is completed, 
(b) the time it takes for both cars to come to rest. 


4km/h 


Fig. P13.141 


Fig. P13.144 


Fig. P13.145 


Landing pit 
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818 Kinetics of Particles: Energy and Momentum 13.146 At an intersection car B was traveling south and car A was traveling 

Methods 30° north of east when they slammed into each other. Upon inves- 

N tigation it was found that after the crash the two cars got stuck 

and skidded off at an angle of 10° north of east. Each driver 

claimed that he was going at the speed limit of 50 km/h and that 

he tried to slow down but couldn't avoid the crash because the 

other driver was going a lot faster. Knowing that the masses of cars 

A and B were 1500 kg and 1200 kg, respectively, determine 

(a) which car was going faster, (b) the speed of the faster of the 
two cars if the slower car was traveling at the speed limit. 


13.147 A mother and her child are skiing together, with the mother hold- 
ing the end of a rope tied to the child’s waist. They are moving at 
a speed of 7.2 km/h on a flat portion of the ski trail when the 
mother observes that they are approaching a steep descent. She 
decides to pull on the rope to decrease the child’s speed. Knowing 
that this maneuver causes the child’s speed to be cut in half in 
3 s and neglecting friction, determine (a) the mother’s speed at the 
end of the 3-s interval, (b) the average value of the tension in the 
rope during that time interval. 


Fig. P13.146 


Fig. P13.147 


13.148 Bullet B weighs 0.5 oz and blocks A and C both weigh 3 lb. The 
coefficient of friction between the blocks and the plane is wz = 0.25. 
Initially the bullet is moving at vp and blocks A and C are at rest 
(Fig. 1). After the bullet passes through A it becomes embedded in 
block C and all three objects come to stop in the positions shown 
(Fig. 2). Determine the initial speed of the bullet vo. 


ti oe 
——I 
| 6 in. | (1) | im, | 


Fig. P13.148 


13.149 Two identical spheres A and B, each of mass m, are attached to an 
inextensible inelastic cord of length L, and are resting at a distance 
a from each other on a frictionless horizontal surface. Sphere B is 
given a velocity vp in a direction perpendicular to line AB and 
moves without friction until it reaches B’ when the cord becomes 
taut. Determine (a) the magnitude of the velocity of each sphere 
immediately after the cord has become taut, (b) energy lost as the 
cord becomes taut. 


Fig. P13.149 


13.150 Two swimmers A and B, of weight 190 Ib and 125 lb, respectively, 
are at diagonally opposite corners of a floating raft when they 
realize that the raft has broken away from its anchor. Swimmer A 
immediately starts walking toward B at a speed of 2 ft/s relative 
to the raft. Knowing that the raft weighs 300 Ib, determine (a) the 
speed of the raft if B does not move, (b) the speed with which B 
must walk toward A if the raft is not to move. 


A & : 
SSS 


— 
= 

= —aa 
Ea 


a ay a 


Fig. P13.150 


13.151 A 125-g ball moving at a speed of 3 m/s strikes a 250-g plate sup- 
ported by springs. Assuming that no energy is lost in the impact, 
determine (a) the velocity of the ball immediately after impact, 
(b) the impulse of the force exerted by the plate on the ball. 


1925 ae) | m/s 


250 g 


Fig. P13.151 
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820 Kinetics of Particles: Energy and Momentum 13.152 A bullet of mass m is fired with a velocity vp forming an angle 0 
Methods with the horizontal and gets lodged in a wooden block of mass M. 
The block can roll without friction on a hard floor and is prevented 
by springs from hitting the wall. Determine the horizontal and 
vertical components of the impulse of the force exerted by the 
block on the bullet. 


Fig. P13.152 


13.153 In order to test the resistance of a chain to impact, the chain is 
suspended from a 240-Ib rigid beam supported by two columns. 
A rod attached to the last link is then hit by a 60-lb block dropped 
from a 5-ft height. Determine the initial impulse exerted on the 
chain and the energy absorbed by the chain, assuming that the 
block does not rebound from the rod and that the columns sup- 
porting the beam are (a) perfectly rigid, (b) equivalent to two per- 
fectly elastic springs. 


Fig. P13.153 


13.154 A baseball player catching a ball can soften the impact by pulling 
his hand back. Assuming that a 5-oz ball reaches his glove at 
90 mi/h and that the player pulls his hand back during the impact 
at an average speed of 30 ft/s over a distance of 6 in., bringing the 
ball to a stop, determine the average impulsive force exerted on 


the player’s hand. 


Fig. P13.154 


13.12 IMPACT 


A collision between two bodies which occurs in a very small interval 
of time and during which the two bodies exert relatively large forces 
on each other is called an impact. The common normal to the sur- 
faces in contact during the impact is called the line of impact. If the 
mass centers on the two colliding bodies are located on this line, the 
impact is a central impact. Otherwise, the impact is said to be eccen- 
tric. Our present study will be limited to the central impact of two 
particles. The analysis of the eccentric impact of two rigid bodies will 
be considered later, in Sec. 17.12. 


<4 
oo 
wrt 
\ 7 “os 
VB 
— 
a 
(a) Direct central impact (b) Oblique central impact 


Fig. 13.20 


If the velocities of the two particles are directed along the line 
of impact, the impact is said to be a direct impact (Fig. 13.20a). If 
either or both particles move along a line other than the line of 
impact, the impact is said to be an oblique impact (Fig. 13.20b). 


13.13 DIRECT CENTRAL IMPACT 


Consider two particles A and B, of mass m, and mg, which are moving 
in the same straight line and to the right with known velocities vy and 
vz (Fig. 13.21a). If vy is larger than vg, particle A will eventually strike 
particle B. Under the impact, the two particles, will deform and, at the 
end of the period of deformation, they will have the same velocity u 
(Fig. 13.21b). A period of restitution will then take place, at the end 
of which, depending upon the magnitude of the impact forces and 
upon the materials involved, the two particles either will have regained 
their original shape or will stay permanently deformed. Our purpose 
here is to determine the velocities v, and vz of the particles at the 
end of the period of restitution (Fig. 13.21c). 

Considering first the two particles as a single system, we note 
that there is no impulsive, external force. Thus, the total momentum 
of the two particles is conserved, and we write 


MaVa, + MpVgp = Mav + Mpvp 


Since all the velocities considered are directed along the same axis, 
we can replace the equation obtained by the following relation involv- 
ing only scalar components: 


Mav, + Mpv_ = Mav + mpv~ (13.37) 


13.13 Direct Central Impact 821 
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(a) Before impact 
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b) At maximum deformation 
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(c) After impact 
Fig. 13.21 


822 ieee of Particles: Energy and Momentum A positive value for any of the scalar quantities v4, vg, U4, or UZ 
seat means that the corresponding vector is directed to the right; a 
negative value indicates that the corresponding vector is directed to 

the left. 

To obtain the velocities v and vz, it is necessary to establish a 
second relation between the scalars v4 and vz. For this purpose, let 
us now consider the motion of particle A during the period of 
deformation and apply the principle of impulse and momentum. 
Since the only impulsive force acting on A during this period is 
the force P exerted by B (Fig. 13.22a), we write, using again scalar 
components, 


mava — J P dt = mgu (13.38) 


where the integral extends over the period of deformation. Consider- 
ing now the motion of A during the period of restitution, and denot- 
ing by R the force exerted by B on A during this period (Fig. 13.22b), 
we write 


mau — Jf R dt = myvh (13.39) 


where the integral extends over the period of restitution. 


MaVa fe dt mau 
( 


a) Period of deformation 


= ‘ [Rat = C- 


(b) Period of restitution 


Fig. 13.22 


In general, the force R exerted on A during the period of res- 
titution differs from the force P exerted during the period of defor- 
mation, and the magnitude J R de of its impulse is smaller than the 
magnitude J P dt of the impulse of P. The ratio of the magnitudes 
of the impulses corresponding, respectively, to the period of restitu- 
tion and to the period of deformation is called the coefficient of res- 
titution and is denoted by e. We write 


_ fRdt 
“PR dt 


The value of the coefficient e is always between 0 and 1. It depends 
to a large extent on the two materials involved, but it also varies 
considerably with the impact velocity and the shape and size of the 
two colliding bodies. 

Solving Eqs. (13.38) and (13.39) for the two impulses and sub- 
stituting into (13.40), we write 


(13.40) 


Perea! (13.41) 
vA — U 


A similar analysis of particle B leads to the relation 


Up —uU 
e= 2 = (13.42) 
U — UB 
Since the quotients in (13.41) and (13.42) are equal, they are also 
equal to the quotient obtained by adding, respectively, their numera- 
tors and their denominators. We have, therefore, 
(u — v4) + (vp —u) _ vB — VA 
(A = = 
(v, —u) + (u— vg) VA — Vp 


and 
Dp — VA = C(O, — Vp) (13.43) 


Since vg — v4 represents the relative velocity of the two particles 
after impact and v4, — vg represents their relative velocity before 
impact, formula (13.43) expresses that the relative velocity of the two 
particles after impact can be obtained by multiplying their relative 
velocity before impact by the coefficient of restitution. This property 
is used to determine experimentally the value of the coefficient of 
restitution of two given materials. 

The velocities of the two particles after impact can now be 
obtained by solving Eqs. (13.37) and (13.43) simultaneously for v0} 
and vu. It is recalled that the derivation of Eqs. (13.37) and (13.43) 
was based on the assumption that particle B is located to the right 
of A, and that both particles are initially moving to the right. If par- 
ticle B is initially moving to the left, the scalar vg should be consid- 
ered negative. The same sign convention holds for the velocities after 
impact: a positive sign for v4 will indicate that particle A moves to 
the right after impact, and a negative sign will indicate that it moves 
to the left. 

Two particular cases of impact are of special interest: 


1. e = 0, Perfectly Plastic Impact. When e = 0, Eq. (13.43) yields 
vg = v4. There is no period of restitution, and both particles 
stay together after impact. Substituting og = v4 = v’ into 
Eq. (13.37), which expresses that the total momentum of the 
particles is conserved, we write 


Mava + Mgvg = (M4 + Mp)v' (13.44) 


This equation can be solved for the common velocity v' of the 
two particles after impact. 

2. e = 1, Perfectly Elastic Impact. When e = 1, Eq. (13.43) 
reduces to 


Ug — UA = VA — Up (13.45) 


which expresses that the relative velocities before and after 
impact are equal. The impulses received by each particle dur- 
ing the period of deformation and during the period of restitu- 
tion are equal. The particles move away from each other after 
impact with the same velocity with which they approached each 
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Photo 13.3 The height the tennis ball bounces 
decreases after each impact because it has a 
coefficient of restitution less than one and energy is 
lost with each bounce. 


824 Kinetics of Particles: Energy and Momentum 
Methods 


Photo 13.4 When pool balls strike each other 
there is a transfer of momentum. 


other before impact. The velocities v4, and vz can be obtained 
by solving Eqs. (13.37) and (13.45) simultaneously. 


It is worth noting that in the case of a perfectly elastic impact, the 
total energy of the two particles, as well as their total momentum, is 
conserved. Equations (13.37) and (13.45) can be written as follows: 


ma(Va — 04) = mp(vgR — Up) (13.37) 
Ua, + V4 = Vg + UB (13.45’) 
Multiplying (13.37') and (13.45’) member by member, we have 


ma(V4 — VA)(D4 + 04) = Mp(vR — Og)(VB + vB) 
mava — ma(vh)? = mpg(vpR)” — mpgvz 

Rearranging the terms in the equation obtained and multiplying by 3, 
we write 

dmv, + 4mpgvg = 4ma(vh)? + 4mpg(v)? (13.46) 
which expresses that the kinetic energy of the particles is conserved. 
It should be noted, however, that in the general case of impact, i.e., 
when e is not equal to 1, the total energy of the particles is not con- 
served. This can be shown in any given case by comparing the kinetic 
energies before and after impact. The lost kinetic energy is in part 
transformed into heat and in part spent in generating elastic waves 
within the two colliding bodies. 


13.14 OBLIQUE CENTRAL IMPACT 


Let us now consider the case when the velocities of the two colliding 
particles are not directed along the line of impact (Fig. 13.23). As 
indicated in Sec. 13.12, the impact is said to be oblique. Since the 


Fig. 13.23 


velocities vj and vg of the particles after impact are unknown in 
direction as well as in magnitude, their determination will require 
the use of four independent equations. 

We choose as coordinate axes the n axis along the line of impact, 
ie., along the common normal to the surfaces in contact, and the t 
axis along their common tangent. Assuming that the particles are 
perfectly smooth and frictionless, we observe that the only impulses 


13.14 Oblique Central Impact 825 


t MpV'B 


MAVA 
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exerted on the particles during the impact are due to internal forces 
directed along the line of impact, i.e., along the n axis (Fig. 13.24). 
It follows that 


1. The component along the ¢ axis of the momentum of each 
particle, considered separately, is conserved; hence the t com- 
ponent of the velocity of each particle remains unchanged. 
We write 


(alt = (OA), (Up)e = (WB) (13.47) 


2. The component along the n axis of the total momentum of the 
two particles is conserved. We write 


ma(Oa)n Te Mp(Up)n = Ma(VA)n + Mp(OB)n (13.48) 


3. The component along the n axis of the relative velocity of the 
two particles after impact is obtained by multiplying the n com- 
ponent of their relative velocity before impact by the coeffi- 
cient of restitution. Indeed, a derivation similar to that given 
in Sec. 13.13 for direct central impact yields 


(OB)n ~— (van = el(va)n ~~ (vp) nl (13.49) 


We have thus obtained four independent equations which can 
be solved for the components of the velocities of A and B after impact. 
This method of solution is illustrated in Sample Prob. 13.15. 

Our analysis of the oblique central impact of two particles has 
been based so far on the assumption that both particles moved freely 
before and after the impact. Let us now examine the case when one 
or both of the colliding particles is constrained in its motion. Con- 
sider, for instance, the collision between block A, which is constrained 
to move on a horizontal surface, and ball B, which is free to move 
in the plane of the figure (Fig. 13.25). Assuming no friction between 
the block and the ball, or between the block and the horizontal sur- 
face, we note that the impulses exerted on the system consist of the 
impulses of the internal forces F and —F directed along the line of Fig. 13.25 
impact, i.e., along the n axis, and of the impulse of the external force 
F., exerted by the horizontal surface on block A and directed along 
the vertical (Fig. 13.26). 

The velocities of block A and ball B immediately after the impact 
are represented by three unknowns: the magnitude of the velocity v\ 
of block A, which is known to be horizontal, and the magnitude and 
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Fig. 13.27 
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direction of the velocity vz of ball B. We must therefore write three 
equations by expressing that 


1. The component along the ¢ axis of the momentum of ball B is 
conserved; hence the t component of the velocity of ball B 
remains unchanged. We write 


(vp): = (vB) (13.50) 


2. The component along the horizontal x axis of the total momen- 
tum of block A and ball B is conserved. We write 


Mav, + Mpg(Vg), = Mav + Mp(vpZ)y (13.51) 


3. The component along the n axis of the relative velocity of 
block A and ball B after impact is obtained by multiplying 
the n component of their relative velocity before impact by the 
coefficient of restitution. We write again 


(UB)n — (VA)n = el(04)n — (Up)n] (13.49) 


We should note, however, that in the case considered here, the 
validity of Eq. (13.49) cannot be established through a mere extension 
of the derivation given in Sec. 13.13 for the direct central impact of 
two particles moving in a straight line. Indeed, these particles were 
not subjected to any external impulse, while block A in the present 
analysis is subjected to the impulse exerted by the horizontal surface. 
To prove that Eq. (13.49) is still valid, we will first apply the principle 
of impulse and momentum to block A over the period of deformation 
(Fig. 13.27). Considering only the horizontal components, we write 


mav, — (f P dt) cos 6 = mau (13.52) 


where the integral extends over the period of deformation and where 
u represents the velocity of block A at the end of that period. Con- 
sidering now the period of restitution, we write in a similar way 


mau — (f R dt) cos 6 = myvh (13.53) 


where the integral extends over the period of restitution. 


Recalling from Sec. 13.13 the definition of the coefficient of 
restitution, we write 


_ SRdt 
“SP dt 


Solving Eqs. (13.52) and (13.53) for the integrals Jf P dt and Jf R dt, 
and substituting into Eq. (13.40), we have, after reductions, 


(13.40) 


uv 


ox 
Da —U 

or, multiplying all velocities by cos @ to obtain their projections on 
the line of impact. 

re Un (Oi, (13.54) 

(Oa) yi —~ Un 

We note that Eq. (13.54) is identical to Eq. (13.41) of Sec. 13.13, 
except for the subscripts n which are used here to indicate that we 
are considering velocity components along the line of impact. Since 
the motion of ball B is unconstrained, the proof of Eq. (13.49) can 
be completed in the same manner as the derivation of Eq. (13.43) 
of Sec. 13.13. Thus, we conclude that the relation (13.49) between 
the components along the line of impact of the relative velocities 
of two colliding particles remains valid when one of the particles is 
constrained in its motion. The validity of this relation is easily 
extended to the case when both particles are constrained in their 
motion. 


13.15 PROBLEMS INVOLVING ENERGY 
AND MOMENTUM 


You now have at your disposal three different methods for the solu- 
tion of kinetics problems: the direct application of Newton’s second 
law, 2F = ma; the method of work and energy; and the method of 
impulse and momentum. To derive maximum benefit from these 
three methods, you should be able to choose the method best suited 
for the solution of a given problem. You should also be prepared to 
use different methods for solving the various parts of a problem 
when such a procedure seems advisable. 

You have already seen that the method of work and energy is 
in many cases more expeditious than the direct application of 
Newton’s second law. As indicated in Sec. 13.4, however, the method 
of work and energy has limitations, and it must sometimes be supple- 
mented by the use of 2F = ma. This is the case, for example, when 
you wish to determine an acceleration or a normal force. 

For the solution of problems involving no impulsive forces, it will 
usually be found that the equation 2F = ma yields a solution just as 
fast as the method of impulse and momentum and that the method of 
work and energy, if it applies, is more rapid and more convenient. 
However, in problems of impact, the method of impulse and momen- 
tum is the only practicable method. A solution based on the direct 
application of 2F = ma would be unwieldy, and the method of work 
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iia involves a loss of mechanical energy. 

Many problems involve only conservative forces, except for a 
short impact phase during which impulsive forces act. The solution 
of such problems can be divided into several parts. The part corre- 
sponding to the impact phase calls for the use of the method of 
impulse and momentum and of the relation between relative veloci- 
ties, and the other parts can usually be solved by the method of work 
and energy. If the problem involves the determination of a normal 
force, however, the use of 2F = ma is necessary. 

Consider, for example, a pendulum A, of mass m, and length J, 
which is released with no velocity from a position A; (Fig. 13.28a). 
The pendulum swings freely in a vertical plane and hits a second 
pendulum B, of mass mg and same length /, which is initially at rest. 
After the impact (with coefficient of restitution e), pendulum B 
swings through an angle 6 that we wish to determine. 

The solution of the problem can be divided into three parts: 


1. Pendulum A Swings from A, to Ag. The principle of conserva- 
tion of energy can be used to determine the velocity (v4)s of 
the pendulum at Ag (Fig. 13.28). 

2. Pendulum A Hits Pendulum B. Using the fact that the total 
momentum of the two pendulums is conserved and the rela- 
tion between their relative velocities, we determine the 
velocities (v4); and (vg)3 of the two pendulums after impact 
(Fig. 13.28c). 

3. Pendulum B Swings from B3 to By. Applying the principle of 
conservation of energy to pendulum B, we determine the maxi- 
mum elevation y, reached by that pendulum (Fig. 13.28d). The 
angle 6 can then be determined by trigonometry. 


Impact: 
Conservation Conservation of momentum Conservation 
of energy Relative velocities of energy 
— ir = Y “ ) 


Fig. 13.28 


We note that if the tensions in the cords holding the pendulums 
are to be determined, the method of solution just described should 
be supplemented by the use of 2F = ma. 


SAMPLE PROBLEM 13.13 


A 20-Mg railroad car moving at a speed of 0.5 m/s to the right collides with 
a 35-Mg car which is at rest. If after the collision the 35-Mg car is observed 
to move to the right at a speed of 0.3 m/s, determine the coefficient of res- 
titution between the two cars. 


SOLUTION 


We express that the total momentum of the two cars is conserved. 


v4 = 0.5 m/s vp =0 VA vz =0.3 m/s 
Se ——————— —————= ————— 
20 Mg 35 Mg = 20 Mg 35 Mg 
MAVA MpVB Mav's mp’ 


MV, + MgVg = Mavy + MpBVZ 


(20 Mg)(+0.5 m/s) + (35 Mg)(0) = (20 Mg)v, + (35 Mg)(+0.3 m/s) 
va = —0.025 m/s vi, = 0.025 m/s <— 
The coefficient of restitution is obtained by writing 
DR UA Oe) = (= (0) {0245))) 0.325 


= = = A (O65) 
2 an HO 0 an oo 


SAMPLE PROBLEM 13.14 


A ball is thrown against a frictionless, vertical wall. Immediately before the 
ball strikes the wall, its velocity has a magnitude v and forms an angle of 30° 
with the horizontal. Knowing that e = 0.90, determine the magnitude and 
direction of the velocity of the ball as it rebounds from the wall. 


SOLUTION 


We resolve the initial velocity of the ball into components respectively per- 
pendicular and parallel to the wall: 


Un, = v cos 30° = 0.8660 v, = v sin 30° = 0.500v 


Motion Parallel to the Wall. Since the wall is frictionless, the impulse it 
exerts on the ball is perpendicular to the wall. Thus, the component parallel 
to the wall of the momentum of the ball is conserved and we have 


v; = vy, = 0.5000 7 


Motion Perpendicular to the Wall. Since the mass of the wall (and earth) 
is essentially infinite, expressing that the total momentum of the ball and 
wall is conserved would yield no useful information. Using the relation 
(13.49) between relative velocities, we write 
@ = On = e(W, = 0) 
Dy —0.90(0.866v) = —0.779v v), = 0.7790 <— 
Resultant Motion. Adding vectorially the components vj, and vj, 
v’ = 0.9260 S& 32.7° <4 
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va: 30 ft/s 


va? 30 ft/s 


Ma(Va)n mpVB)n 
malva), mp(vB)1 
ease 
; MalVian mplVB)n 
ma(via) mplv'py 
vp = 41.9 ft/s 


SAMPLE PROBLEM 13.15 


The magnitude and direction of the velocities of two identical frictionless 
balls before they strike each other are as shown. Assuming e = 0.90, deter- 
mine the magnitude and direction of the velocity of each ball after the 
impact. 


SOLUTION 


The impulsive forces that the balls exert on each other during the impact 
are directed along a line joining the centers of the balls called the line of 
impact. Resolving the velocities into components directed, respectively, 
along the line of impact and along the common tangent to the surfaces in 
contact, we write 


(V4)n = Va cos 30° = +26.0 ft/s 
@Ay, = Oy sin G02 = SION ft/s 
(vp), = —vp cos 60° = —20.0 ft/s 
(vg), = vp sin 60° = +34.6 ft/s 


Principle of Impulse and Momentum. In the adjoining sketches we show 
in turn the initial momenta, the impulses, and the final momenta. 


Motion along the Common Tangent. Considering only the t components, 
we apply the principle of impulse and momentum to each ball separately. 
Since the impulsive forces are directed along the line of impact, the t com- 
ponent of the momentum, and hence the ¢ component of the velocity of 
each ball, is unchanged. We have 


(v4); = 15.0 ft/s T (vz) = 34.6 ft/s T 


Motion along the Line of Impact. In the n direction, we consider the two 
balls as a single system and note that by Newton's third law, the internal 
impulses are, respectively, F At and —F At and cancel. We thus write that 
the total momentum of the balls is conserved: 


Ma(Va)n + mp(Vg)n = Ma(VA)n + mp(VB)n 
m(26.0) + m(—20.0) = m(v4), + m(vk), 
(va)n + (0g), = 6.0 (1) 
Using the relation (13.49) between relative velocities, we write 
(UB)n ime (v4A)n = el(va)n i (vB)nl 
(vB)n — (v4)n = (0.90)[26.0 — (—20.0)] 
(OB)n — (WA)n = 41.4 (2) 


Solving Eqs. (1) and (2) simultaneously, we obtain 


(Oh), = =lta (vb)n = +23.7 
= 17.7 fs — (ve), = 23.7 fs > 


= 
= 
| 


Resultant Motion. Adding vectorially the velocity components of each ball, 
we obtain 


vi, = 23.2 ft/s S 40.3° va = 41.9 ft/s 255.6° 


SAMPLE PROBLEM 13.16 


Ball B is hanging from an inextensible cord BC. An identical ball A is 
released from rest when it is just touching the cord and acquires a velocity 
vo before striking ball B. Assuming perfectly elastic impact (e = 1) and no 
friction, determine the velocity of each ball immediately after impact. 


SOLUTION 


Since ball B is constrained to move in a circle of center C, its velocity vz 
after impact must be horizontal. Thus the problem involves three unknowns: 
the magnitude v3 of the velocity of B, and the magnitude and direction of 
the velocity v, of A after impact. 


Impulse-Momentum Principle: Ball A 


mv, + F At = mvi 
+\.t components: Mvp sin 30° + 0 = m(vh), 
(va) = 9.509 (1) 


We note that the equation used expresses conservation of the momentum 
of ball A along the common tangent to balls A and B. 


Impulse-Momentum Principle: Balls A and B 


mv, + T At = mv + mvp 
> x components: 0 = m(v\), cos 30° — m(v}), sin 30° — mv 


We note that the equation obtained expresses conservation of the total 
momentum in the x direction. Substituting for (v4), from Eq. (1) and re- 
arranging terms, we write 


0.5004), + vg = 0.4330 (2) 
Relative Velocities along the Line of Impact. Since e = 1, Eq. 
(13.49) yields 
(UB) a (WA)n = (Wan = (UB) n 
Dp sin 30° — (v4), = Vo cos 30° — 0 
0.50% — (v4), = 0.86609 (3) 


Solving Eqs. (2) and (3) simultaneously, we obtain 
(WA)y = —0.52005 vp = 0.693v 
vz = 0.69309 — <4 
Recalling Eq. (1) we draw the adjoining sketch and obtain by trigonometry 
oy, = 0.72109 B = 46.1° a = 46.1° — 30° = 16.1° 
va = 0.7210) 2 16.1° 
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SAMPLE PROBLEM 13.17 
A 30-kg block is dropped from a height of 2 m onto the 10-kg pan of a spring 


scale. Assuming the impact to be perfectly plastic, determine the maximum 
deflection of the pan. The constant of the spring is k = 20 kN/m. 


SOLUTION 


The impact between the block and the pan must be treated separately; 
therefore we divide the solution into three parts. 


Conservation Impact: Total Conservation 
of energy momentum conserved of energy 
(v4), =0 


(a ara) 
= | a X3 we ) ee 
eel atum of sprin: 
A for Va = ‘l ue TK — 


: te 
; 4 


Conservation of Energy. Block: Wy = (30 kg)(9.81 m/s”) = 294 N 


T, = 4m,4(v,), =0 Vy = Way = (294 N)Q m) = 588] 
iby = 3M,(Va)o = 3(30 kg)(v,)5 Wa = 
T, + Vi =T,+ Vo 0+ 588] = 3(30 kg)(o,)3 + 0 
(va)o = +6.26 m/s (va)o = 6.26 m/s] 
Impact: Conservation of Momentum. Since the impact is perfectly plastic, 
e = 0; the block and pan move together after the impact. 
ma(v4)2 + mg(vg)2 = (ma + mp)v3 
(30 kg)(6.26 m/s) + 0 = (30 kg + 10 kg) 
v3 = +4.70 m/s v; = 4.70 m/s| 


Conservation of Energy. Initially the spring supports the weight Ws, of 
the pan; thus the initial deflection of the spring is 


W,  (10kg)(9.81 m/s”) 98.1N as 
xy == 5 = —— = 491 x 10m 
k 20 X 10° N/m 20 X 10° N/m 


Denoting by x, the total maximum deflection of the spring, we write 
T3 = 3(ma + mg)vx = 5(30 kg + 10 kg)(4.70 ne) = 442 J 
V3 = Vz + V, = 0 + gkxg = 3(20 X 10°)(4.91 x 10°°)? = 0.241 J 
Tn = 0. 
Va = V, + V, = (Wa + Wa)(—h) + akxg = —(392)h + 3(20 X 10°)x7 
Noting that the displacement of the pan is h = x4 — x3, we write 
Ti sp Wey = Tl ae Web 
442 + 0.241 = 0 — 392(xy — 4.91 x 1073) + $(20 X 10°)xi 
xy = 0.230m h =x4— x3 = 0.230 m — 4.91 X 10° m 
h = 0.225 m h=225mm <q 


SOLVING FFROBLEMS 
UN YOURK OWN 


| Ds lesson deals with the impact of two bodies, i.e., with a collision occurring 
in a very small interval of time. You will solve a number of impact problems 
by expressing that the total momentum of the two bodies is conserved and noting 
the relationship which exists between the relative velocities of the two bodies 
before and after impact. 


1. As a first step in your solution you should select and draw the following 
coordinate axes: the t axis, which is tangent to the surfaces of contact of the two 
colliding bodies, and the n axis, which is normal to the surfaces of contact and 
defines the line of impact. In all the problems of this lesson the line of impact 
passes through the mass centers of the colliding bodies, and the impact is referred 
to as a central impact. 


2. Next you will draw a diagram showing the momenta of the bodies before 
impact, the impulses exerted on the bodies during impact, and the final momenta 
of the bodies after impact (Fig. 13.24). You will then observe whether the impact 
is a direct central impact or an oblique central impact. 


3. Direct central impact. This occurs when the velocities of bodies A and B 
before impact are both directed along the line of impact (Fig. 13.20a). 

a. Conservation of momentum. Since the impulsive forces are internal to the 
system, you can write that the total momentum of A and B is conserved, 


Mav, + MpvZR = MAvV_ + MpvZ (13.37) 


where v, and vg denote the velocities of bodies A and B before impact and vj 
and vp denote their velocities after impact. 

b. Coefficient of restitution. You can also write the following relation between 
the relative velocities of the two bodies before and after impact, 


op — v4 = e(va — Up) (13.43) 
where e is the coefficient of restitution between the two bodies. 


Note that Eqs. (13.37) and (13.43) are scalar equations which can be solved for two 
unknowns. Also, be careful to adopt a consistent sign convention for all velocities. 


4. Oblique central impact. This occurs when one or both of the initial velocities 
of the two bodies is not directed along the line of impact (Fig. 13.20b). To solve 
problems of this type, you should first resolve into components along the ¢ axis and 
the n axis the momenta and impulses shown in your diagram. 


(continued) 
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a. Conservation of momentum. Since the impulsive forces act along the line 
of impact, ie., along the n axis, the component along the ¢ axis of the momentum 
of each body is conserved. Therefore, you can write for each body that the t com- 
ponents of its velocity before and after impact are equal, 


(va = (WA): (op) = (vB) (13.47) 


Also, the component along the n axis of the total momentum of the system is 
conserved, 


ma(Ua)n ac mp(Ug)n = Ma(VA)n a mp(UB)n (13.48) 


b. Coefficient of restitution. The relation between the relative velocities of 
the two bodies before and after impact can be written in the n direction only, 


(UB)n a (vA) = el(va)n ~~ (vp) n] (13.49) 


You now have four equations that you can solve for four unknowns. Note that after 
finding all the velocities, you can determine the impulse exerted by body A on 
body B by drawing an impulse-momentum diagram for B alone and equating 
components in the n direction. 

c. When the motion of one of the colliding bodies is constrained, you must 
include the impulses of the external forces in your diagram. You will then observe 
that some of the above relations do not hold. However, in the example shown in 
Fig. 13.26 the total momentum of the system is conserved in a direction perpen- 
dicular to the external impulse. You should also note that when a body A bounces 
off a fixed surface B, the only conservation of momentum equation which can be 
used is the first of Eqs. (13.47) [Sample Prob. 13.14]. 


5. Remember that energy is lost during most impacts. The only exception is 
for perfectly elastic impacts (e = 1), where energy is conserved. Thus, in the gen- 
eral case of impact, where e < 1, the energy is not conserved. Therefore, be 
careful not to apply the principle of conservation of energy through an impact 
situation. Instead, apply this principle separately to the motions preceding and 
following the impact [Sample Prob. 13.17]. 


13.155 


13.156 


13.157 


13.158 


13.159 


PROBLEMS 


The coefficient of restitution between the two collars is known to 
be 0.80. Determine (a) their velocities after impact, (b) the energy 
loss during impact. 


Collars A and B, of the same mass m, are moving toward each 
other with the velocities shown. Knowing that the coefficient of 
restitution between the collars is 0 (plastic impact), show that after 
impact (a) the common velocity of the collars is equal to half the 
difference in their speed before impact, (b) the loss in kinetic 
energy is im(v4 + vp). 


Two steel blocks are sliding on a frictionless horizontal surface 
with the velocities shown. Knowing that after impact the velocity 
of B is observed to be 10.5 ft/s to the right, determine the coeffi- 
cient of restitution between the two blocks. 


Two steel blocks are sliding on a frictionless horizontal surface 
with the velocities shown. Knowing that the coefficient of restitu- 
tion between the two blocks is 0.75, determine (a) the velocity of 
each block after impact, (b) the loss of kinetic energy due to the 
impact. 


Two identical cars A and B are at rest on a loading dock with brakes 
released. Car C, of a slightly different style but of the same weight, 
has been pushed by dockworkers and hits car B with a velocity of 
1.5 m/s. Knowing that the coefficient of restitution is 0.8 between 
B and C and 0.5 between A and B, determine the velocity of each 
car after all collisions have taken place. 


Fig. P13.159 


13.160 


Three steel spheres of equal weight are suspended from the ceiling 
by cords of equal length which are spaced at a distance slightly 
greater than the diameter of the spheres. After being pulled back 
and released, sphere A hits sphere B, which then hits sphere C. 
Denoting by e the coefficient of restitution between the spheres and 
by vo the velocity of A just before it hits B, determine (a) the veloci- 
ties of A and B immediately after the first collision, (b) the velocities 
of B and C immediately after the second collision. (c) Assuming now 
that n spheres are suspended from the ceiling and that the first 
sphere is pulled back and released as described above, determine 
the velocity of the last sphere after it is hit for the first time. (d) Use 
the result of part c to obtain the velocity of the last sphere when 
n = 6ande = 0.95. 


5kg 3kg 


Fig. P13.155 


Fig. P13.156 


10 ft/s 6 ft/s 
——= > —=> 
1.5 lb 0.9 Ib 
A B 


Fig. P13.157 and P13.158 


Fig. P13.160 
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836 Kinetics of Particles: Energy and Momentum 13.161 Two disks sliding on a frictionless horizontal plane with opposite 
Melhegs velocities of the same magnitude vy hit each other squarely. Disk 


vo vp A is known to have a mass of 3 kg and is observed to have zero 

—_—_—>- <_+ velocity after impact. Determine (a) the mass of disk B, knowing 

that the coefficient of restitution between the two disks is 0.5, 

A C) ©) B (b) the range of possible values of the mass of disk B if the coeffi- 
cient of restitution between the two disks is unknown. 


Aa > 13.162 Packages in an automobile parts supply house are transported to 

the loading dock by pushing them along on a roller track with very 

A O O B little friction. At the instant shown packages B and C are at rest 

and package A has a velocity of 2 m/s. Knowing that the coefficient 

of restitution between the packages is 0.3, determine (a) the veloc- 

ity of package C after A hits B and B hits C, (b) the velocity of A 
after it hits B for the second time. 


Fig. P13.161 


Fig. P13.162 


13.163 One of the requirements for tennis balls to be used in official 
competition is that, when dropped onto a rigid surface from a 
height of 100 in., the height of the first bounce of the ball must 
be in the range 53 in. = h = 58 in. Determine the range of the 
coefficients of restitution of the tennis balls satisfying this 
requirement. 


13.164 Show that for a ball hitting a frictionless fixed surface, a > 0. Also 
show that the percent loss in kinetic energy due to the impact is 
100(1 — 7) cos? 0. 


13.165 A 600-g¢ ball A is moving with a velocity of magnitude 6 m/s when 
it is hit as shown by a 1-kg ball B which has a velocity of magnitude 
4 m/s. Knowing that the coefficient of restitution is 0.8 and assum- 

Fig. P13.164 ing no friction, determine the velocity of each ball after impact. 


502 
vp =4 m/s 


Fig. P13.165 


13.166 Two identical hockey pucks are moving on a hockey rink at the Problems Q37 
same speed of 3 m/s and in parallel and opposite directions when 
they strike each other as shown. Assuming a coefficient of restitu- 
tion e = 1, determine the magnitude and direction of the velocity 
of each puck after impact. B 
20° 
13.167 Two identical pool balls of 2.37-in.-diameter, may move freely on 
a pool table. Ball B is at rest and ball A has an initial velocity VA 
V = oi. (@) Knowing that b = 2 in. and e = 0.7, determine the A 
velocity of each ball after impact. (b) Show that if e = 1, the final 
velocities of the balls form a right angle for all values of b. 


VB 


Fig. P13.166 


Fig. P13.167 


13.168 The coefficient of restitution is 0.9 between the two 2.37-in. 
diameter billiard balls A and B. Ball A is moving in the direction 
shown with a velocity of 3 ft/s when it strikes ball B, which is at 
rest. Knowing that after impact B is moving in the x direction, 
determine (a) the angle 6, (b) the velocity of B after impact. 


Fig. P13.168 


13.169 A boy located at point A halfway between the center O of a semi- v’ 
circular wall and the wall itself throws a ball at the wall in a direc- 
tion forming an angle of 45° with OA. Knowing that after hitting 
the wall the ball rebounds in a direction parallel to OA, determine 
the coefficient of restitution between the ball and the wall. Fig. P13.169 


838 edie of Particles: Energy and Momentum 13.170 A girl throws a ball at an inclined wall from a height of 1.2 m, 
ethods 


hitting the wall at A with a horizontal velocity vo of magnitude 
15 m/s. Knowing that the coefficient of restitution between the 
ball and the wall is 0.9 and neglecting friction, determine the dis- 
tance d from the foot of the wall to the point B where the ball 
will hit the ground after bouncing off the wall. 


Fig. P13.170 


13.171 A ball hits the ground at A with a velocity vo of 16 ft/s at an angle 
of 60° with the horizontal. Knowing that e = 0.6 between the ball 
and the ground and that after rebounding the ball reaches point 
B with a horizontal velocity, determine (a) the distances h and d, 
(b) the velocity of the ball as it reaches B. 


Vo = 16 ft/s 


Fig. P13.171 


13.172 A sphere rebounds as shown after striking an inclined plane with a 
vertical velocity vp of magnitude vy = 15 ft/s. Knowing that a = 30° 
and e = 0.8 between the sphere and the plane, determine the 
height h reached by the sphere. 


A sphere rebounds as shown after striking an inclined plane with 
a vertical velocity vy of magnitude vy) = 20 ft/s. Determine the 
value of a that will maximize the horizontal distance the ball trav- 
els before reaching its maximum height h assuming the coefficient 
of restitution between the ball and the ground is (a) e = 1, 
Fig. P13.172 and P13.173 (b) e = 0.8. 


13.174 


13.175 


13.176 


13.177 


A 1-kg block B is moving with a velocity vp of magnitude vp = 2 m/s 
as it hits the 0.5-kg sphere A, which is at rest and hanging from a 
cord attached at O. Knowing that 44, = 0.6 between the block and 
the horizontal surface and e = 0.8 between the block and the 
sphere, determine after impact (a) the maximum height h reached 
by the sphere, (b) the distance x traveled by the block. 


A 1.5-kg block B is attached to an undeformed spring of constant 
= 80 N/m and is resting on a horizontal frictionless surface when 
it is struck by an identical block A moving at a speed of 5 m/s. Con- 
sidering successively the cases when the coefficient of restitution 
between the two blocks is (1) e = 1, (2) e = 0, determine (a) the 
maximum deflection of the spring, (b) the final velocity of block A. 


Block A is released from rest and slides down the frictionless sur- 
face of B until it hits a bumper on the right end of B. Block A has 
a mass of 10 kg and object B has a mass of 30 kg and B can roll 
freely on the ground. Determine the velocities of A and B imme- 
diately after impact when (a) e = 0, (b) e = 0.7. 


Fig. P13.176 


A 90-g ball thrown with a horizontal velocity vo strikes a 720-g plate 
attached to a vertical wall at a height of 900 mm above the ground. 
It is observed that after rebounding, the ball hits the ground at a 
distance of 480 mm from the wall when the plate is rigidly attached 
to the wall (Fig. 1) and at a distance of 220 mm when a foam-rubber 
mat is placed between the plate and the wall (Fig. 2). Determine 
(a) the coefficient of restitution e between the ball and the plate, 
(b) the initial velocity vo of the ball. 


Fig. P13.177 


Fig. P13.174 


Fig. P13.175 
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840 Kinetics of Particles: Energy and Momentum 13.178 A 1.3-lb sphere A is dropped from a height of 1.8 ft onto a 2.6-lb 
Methods plate B, which is supported by a nested set of springs and is initially 
at rest. Knowing that the coefficient of restitution between the 
sphere and the plate is e = 0.8, determine (a) the height h reached 
by the sphere after rebound, (b) the constant k of the single spring 
equivalent to the given set if the maximum deflection of the plate 
is observed to be equal to 3h. 


8 ft 


Fig. P13.178 and P13.179 


13.179 A 1.3-lb sphere A is dropped from a height of 1.8 ft onto 2.6-Ib 
plate B, which is supported by a nested set of springs and is ini- 
tially at rest. Knowing that the set of springs is equivalent to a 
single spring of constant k = 5 lIb/in., determine (a) the value of 
the coefficient of restitution between the sphere and the plate for 
which the height h reached by the sphere after rebound is maxi- 
mum, (b) the corresponding value of h, (c) the corresponding value 
of the maximum deflection of the plate. 


13.180 Two cars of the same mass run head-on into each other at C. After 
the collision, the cars skid with their brakes locked and come to a 
stop in the positions shown in the lower part of the figure. Know- 
ing that the speed of car A just before impact was 5 mi/h and that 
the coefficient of kinetic friction between the pavement and the 
tires of both cars is 0.30, determine (a) the speed of car B just 
before impact, (b) the effective coefficient of restitution between 
the two cars. 


Le 12 ft >| 


Fig. P13.180 C 


13.181 


Blocks A and B each weigh 0.8 lb and block C weighs 2.4 Ib. The 
coefficient of friction between the blocks and the plane is ux, = 0.30. 
Initially block A is moving at a speed vp = 15 ft/s and blocks B 
and C are at rest (Fig. 1). After A strikes B and B strikes C, all 
three blocks come to a stop in the positions shown (Fig. 2). Deter- 
mine (a) the coefficients of restitution between A and B and 
between B and C, (b) the displacement x of block C. 


3 in. ” 3 in 
=| in. |< |< 12 in. >| 
ae ; 


Fig. P13.181 


13.182 The three blocks shown are identical. Blocks B and C are at rest 


when block B is hit by block A, which is moving with a velocity vy 
of 3 ft/s. After the impact, which is assumed to be perfectly plastic 
(e = 0), the velocity of blocks A and B decreases due to friction, 
while block C picks up speed, until all three blocks are moving 
with the same velocity v. Knowing that the coefficient of kinetic 
friction between all surfaces is uw, = 0.20, determine (a) the time 
required for the three blocks to reach the same velocity, (b) the total 
distance traveled by each block during that time. 


13.183 After having been pushed by an airline employee, an empty 40-kg 


luggage carrier A hits with a velocity of 5 m/s an identical carrier 
B containing a 15-kg suitcase equipped with rollers. The impact 
causes the suitcase to roll into the left wall of carrier B. Knowing 
that the coefficient of restitution between the two carriers is 0.80 
and that the coefficient of restitution between the suitcase and the 
wall of carrier B is 0.30, determine (a) the velocity of carrier B 
after the suitcase hits its wall for the first time, (b) the total energy 
lost in that impact. 


13.184 A 20-g bullet fired into a 4-kg wooden block suspended from cords 


13.185 


AC and BD penetrates the block at point E, halfway between C 
and D, without hitting cord BD. Determine (a) the maximum 
height h to which the block and the embedded bullet will swing 
after impact, (b) the total impulse exerted on the block by the two 
cords during the impact. 


A 70-g ball B dropped from a height hy = 1.5 m reaches a height 
hy = 0.25 m after bouncing twice from identical 210-g plates. Plate 
A rests directly on hard ground, while plate C rests on a foam- 
rubber mat. Determine (a) the coefficient of restitution between 


the ball and the plates, (b) the height h, of the ball’s first bounce. 


Fig. P13.182 


5 m/s 
A 
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Fig. P13.183 


Fig. P13.185 


842 Kinetics of Particles: Energy and Momentum 13.186 Ball B is hanging from an inextensible cord. An identical ball A is 
Methods a fia de ; 
released from rest when it is just touching the cord and drops 
through the vertical distance h, = 8 in. before striking ball B. 
Assuming é¢ = 0.9 and no friction, determine the resulting maxi- 
mum vertical displacement /g of the ball B. 


13.187 A 700-g sphere A moving with a velocity vo parallel to the ground 
strikes the inclined face of a 2.1-kg wedge B which can roll freely 
on the ground and is initially at rest. After impact the sphere is 
observed from the ground to be moving straight up. Knowing 
that the coefficient of restitution between the sphere and the 
wedge is e = 0.6, determine (a) the angle @ that the inclined face 
of the wedge makes with the horizontal, (b) the energy lost due 
to the impact. 


13.188 When the rope is at an angle of a = 30° the 2-lb sphere A has a 
a @ speed vo = 2 ft/s. The coefficient of restitution between A and the 
= 4-Ib wedge B is 0.8 and the length of rope / = 3 ft. The spring 
constant has a value of 100 Ib/ft and @ = 20°. Determine the veloc- 
ity of A and B immediately after the impact. 


©OOOO0800 


Fig. P13.187 


Fig. P13.188 


13.189 When the rope is at an angle of a = 30° the 0.5-kg sphere A has 
a speed vp = 1.2 m/s. The coefficient of restitution between A and 
the 0.9-kg wedge B is 0.7 and the length of rope | = 0.8 m. The 
spring constant has a value of 500 N/m and 6 = 20°. Determine 
the velocity of A and B immediately after the impact. 


Fig. P13.189 


REVIEW AND SUMMARY 


This chapter was devoted to the method of work and energy and to 
the method of impulse and momentum. In the first half of the 
chapter we studied the method of work and energy and its applica- 
tion to the analysis of the motion of particles. 


We first considered a force F acting on a particle A and defined the Work of a force 
work of F corresponding to the small displacement dr [Sec. 13.2] as 
the quantity 


dU =F + dr (13.1) 
or, recalling the definition of the scalar product of two vectors, coe 


dU = F ds cos a (13.1') A a 


where a is the angle between F and dr (Fig. 13.29). The work of F 
during a finite displacement from A, to Ay, denoted by Uj_,5, was 
obtained by integrating Eq. (13.1) along the path described by the 
particle: 


Ay 


As 
U1.2 = | F -dr (13.2) Fig. 13.29 
Ay 


For a force defined by its rectangular components, we wrote 
Ag 
U)_,9 = | (F, dx oF Fy dy =F F, dz) (13.2”) 
A, 


The work of the weight W of a body as its center of gravity moves Work of a weight 
from the elevation y; to yy (Fig. 13.30) was obtained by substituting 
F, = F, = 0 and F, = —W into Eq. (13.2”) and integrating. We found 


Y2 
Ui. = -| W dy = Wy; — Wy (13.4) 
Yi 


Fig. 13.30 
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Work of the force exerted by a spring 


Work of the gravitational force 


Kinetic energy of a particle 


Spring undeformed 


Fig. 13.31 


The work of a force F exerted by a spring on a body A during a 
finite displacement of the body (Fig. 13.31) from A,(x = x) to 
A,(x = xg) was obtained by writing 


dU = —F dx = —kx dx 
Uy. = - i kx dx = 5kxi — $kx3 (13.6) 


The work of F is therefore positive when the spring is returning to 
its undeformed position. 


Fig. 13.32 


The work of the gravitational force F exerted by a particle of mass M 
located at O on a particle of mass m as the latter moves from A, to 
Ag (Fig. 13.32) was obtained by recalling from Sec. 12.10 the expres- 
sion for the magnitude of F and writing 


ea 


™ GM: GM GM: 
Vig = | n dr = = = (13.7) 
r Ue) r) 


ry 


The kinetic energy of a particle of mass m moving with a velocity v 
[Sec. 13.3] was defined as the scalar quantity 


T = 5mv" (13.9) 


From Newton's second law we derived the principle of work and 
energy, which states that the kinetic energy of a particle at Ag can 
be obtained by adding to its kinetic energy at A, the work done dur- 
ing the displacement from A, to Ag by the force F exerted on the 
particle: 


Ti a U9 = To (13.11) 


The method of work and energy simplifies the solution of many 
problems dealing with forces, displacements, and velocities, since it 
does not require the determination of accelerations [Sec. 13.4]. We 
also note that it involves only scalar quantities and that forces which 
do no work need not be considered [Sample Probs. 13.1 and 13.3]. 
However, this method should be supplemented by the direct applica- 
tion of Newton's second law to determine a force normal to the path 
of the particle [Sample Prob. 13.4]. 


The power developed by a machine and its mechanical efficiency 
were discussed in Sec. 13.5. Power was defined as the time rate at 
which work is done: 


Power = ae =F-v (13.12, 13.13) 


where F is the force exerted on the particle and v the velocity of the 
particle [Sample Prob. 13.5]. The mechanical efficiency, denoted by 
7, was expressed as 


power output 


n= : (13.15) 
power input 


When the work of a force F is independent of the path followed 
[Secs. 13.6 and 13.7], the force F is said to be a conservative force, 
and its work is equal to minus the change in the potential energy V 
associated with F: 


U\ 52 = Vi _— Vs (13.19') 


The following expressions were obtained for the potential energy 
associated with each of the forces considered earlier: 


Force of gravity (weight): V, = Wy (13.16) 


Gravitational force: V,= aa (13.17) 
r 


oa 


Elastic force exerted by a spring: V, = 3kx° (13.18) 
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Power and mechanical efficiency 


Conservative force. Potential energy 


846 Kinetics of Particles: Energy and Momentum 
Methods 


Principle of conservation of energy 


Motion under a gravitational force 


Vv 


Fig. 13.33 


Principle of impulse and momentum 
for a particle 


Substituting for U,_,. from Eq. (13.19’) into Eq. (13.11) and re- 
arranging the terms [Sec. 13.8], we obtained 


T, + Vi = To + Vo (13.24) 


This is the principle of conservation of energy, which states that 
when a particle moves under the action of conservative forces, the 
sum of its kinetic and potential energies remains constant. The appli- 
cation of this principle facilitates the solution of problems involving 
only conservative forces [Sample Probs. 13.6 and 13.7]. 


Recalling from Sec. 12.9 that, when a particle moves under a central 
force F, its angular momentum about the center of force O remains 
constant, we observed [Sec. 13.9] that, if the central force F is also 
conservative, the principles of conservation of angular momentum 
and of conservation of energy can be used jointly to analyze the 
motion of the particle [Sample Prob. 13.8]. Since the gravitational 
force exerted by the earth on a space vehicle is both central and 
conservative, this approach was used to study the motion of such 
vehicles [Sample Prob. 13.9] and was found particularly effective in 
the case of an oblique launching. Considering the initial position Po 
and an arbitrary position P of the vehicle (Fig. 13.33), we wrote 


(Ho)o = Ho: romvy sin do = rmv sin dh (13.25) 
GM » GM 
To + Vo =T+V: = dnp : ie imo" a (13.26) 
0 


where m was the mass of the vehicle and M the mass of the earth. 


The second half of the chapter was devoted to the method of impulse 
and momentum and to its application to the solution of various types 
of problems involving the motion of particles. 


The linear momentum of a particle was defined [Sec. 13.10] as 
the product mv of the mass m of the particle and its velocity v. From 
Newton's second law, F = ma, we derived the relation 


ty 
mv, + | F dt = mvz (13.28) 


al 


where mv, and mv, represent the momentum of the particle at a 
time t, and a time fs, respectively, and where the integral defines the 
linear impulse of the force F during the corresponding time interval. 


We wrote therefore 
mv, + Imp). = mvo (13.30) 


which expresses the principle of impulse and momentum for a 
particle. 


When the particle considered is subjected to several forces, the 
sum of the impulses of these forces should be used; we had 


mv, + = Imp)... = mv (13.32) 


Since Eqs. (13.30) and (13.32) involve vector quantities, it is 
necessary to consider their x and y components separately when apply- 
ing them to the solution of a given problem [Sample Probs. 13.10 
and 13.11]. 


The method of impulse and momentum is particularly effective in 
the study of the impulsive motion of a particle, when very large 
forces, called impulsive forces, are applied for a very short interval 
of time At, since this method involves the impulses F At of the 
forces, rather than the forces themselves [Sec. 13.11]. Neglecting the 
impulse of any nonimpulsive force, we wrote 


mv, + =F At = mvo (13.35) 
In the case of the impulsive motion of several particles, we had 
Xmv, + TF At = Ymvze (13.36) 


where the second term involves only impulsive, external forces [Sam- 
ple Prob. 13.12]. 


In the particular case when the sum of the impulses of the 
external forces is zero, Eq. (13.36) reduces to Xmv, = Xmvzg; that is, 
the total momentum of the particles is conserved. 


In Secs. 13.12 through 13.14, we considered the central impact of two 
colliding bodies. In the case of a direct central impact [Sec. 13.13], 
the two colliding bodies A and B were moving along the line of impact 
with velocities v, and vz, respectively (Fig. 13.34). Two equations 
could be used to determine their velocities v/, and vz after the impact. 


Fig. 13.34 
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Impulsive motion 


Direct central impact 
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Oblique central impact 


Using the three fundamental 
methods of kinetic analysis 


The first expressed conservation of the total momentum of the 
two bodies, 


Mav, + Mgvg = Mygvy + MpgvzZ (13.37) 


where a positive sign indicates that the corresponding velocity is 
directed to the right, while the second related the relative velocities 
of the two bodies before and after the impact, 


vp — vy = elv, — Vp) (13.43) 


The constant e is known as the coefficient of restitution; its value lies 
between 0 and 1 and depends in a large measure on the materials 
involved. When e = 0, the impact is said to be perfectly plastic; when 
é = 1, it is said to be perfectly elastic [Sample Prob. 13.13]. 


In the case of an oblique central impact [Sec. 13.14], the velocities 
of the two colliding bodies before and after the impact were resolved 
into n components along the line of impact and ¢ components along 
the common tangent to the surfaces in contact (Fig. 13.35). We 
observed that the t component of the velocity of each body remained 


VA 


Fig. 13.35 


unchanged, while the n components satisfied equations similar to 
Eqs. (13.37) and (13.43) [Sample Probs. 13.14 and 13.15]. It was 
shown that although this method was developed for bodies moving 
freely before and after the impact, it could be extended to the case 
when one or both of the colliding bodies is constrained in its motion 
[Sample Prob. 13.16]. 


In Sec. 13.15, we discussed the relative advantages of the three fun- 
damental methods presented in this chapter and the preceding one, 
namely, Newton’s second law, work and energy, and impulse and 
momentum. We noted that the method of work and energy and the 
method of impulse and momentum can be combined to solve prob- 
lems involving a short impact phase during which impulsive forces 
must be taken into consideration [Sample Prob. 13.17]. 


REVIEW PROBLEMS 


13.190 A 2-0z pellet shot vertically from a spring-loaded pistol on the 


13.191 


surface of the earth rises to a height of 300 ft. The same pellet 
shot from the same pistol on the surface of the moon rises to a 
height of 1900 ft. Determine the energy dissipated by aerodynamic 
drag when the pellet is shot on the surface of the earth. (The 
acceleration of gravity on the surface of the moon is 0.165 times 
that on the surface of the earth.) 


An elastic cable is to be designed for bungee jumping from a tower 
130 ft high. The specifications call for the cable to be 85 ft long 
when unstretched, and to stretch to a total length of 100 ft when 
a 600-Ib weight is attached to it and dropped from the tower. 
Determine (a) the required spring constant k of the cable, (b) how 
close to the ground a 185-lb man will come if he uses this cable 
to jump from the tower. 


13.192 A 2-0z hollow steel sphere attached to an 8-in. cord can swing 


about point O in a vertical plane. It is subjected to its own weight 
and to a force F exerted by a small magnet embedded in 
the ground. The magnitude of that force expressed in pounds is 
F = 0.1/7", where r is the distance from the magnet to the sphere 
expressed in inches. Knowing that the sphere is released from rest 
at A, determine its speed as it passes through point B. 


Fig. P13.192 


13.193 A satellite describes an elliptic orbit about a planet of mass M. The 


minimum and maximum values of the distance r from the satellite 
to the center of the planet are, respectively, ry and 1). Use the 
principles of conservation of energy and conservation of angular 
momentum to derive the relation 
1 i 2GM 

ge, Hes 


rm Ty h? 


where h is the angular momentum per unit mass of the satellite 
and G is the constant of gravitation. 
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850 Kinetics of Particles: Energy and Momentum 13.194 A shuttle is to rendezvous with a space station which is in a circular 

petiods orbit at an altitude of 250 mi above the surface of the earth. The 

250 mi shuttle has reached an altitude of 40 mi when its engine is turned 

off at point B. Knowing that at that time the velocity vo of the 

shuttle forms an angle ¢y = 55° with the vertical, determine the 

required magnitude of vo if the trajectory of the shuttle is to be 
tangent at A to the orbit of the space station. 


13.195 A 25-g steel-jacketed bullet is fired horizontally with a velocity of 
600 m/s and ricochets off a steel plate along the path CD with a 
velocity of 400 m/s. Knowing that the bullet leaves a 10-mm scratch 
on the plate and assuming that its average speed is 500 m/s 
while it is in contact with the plate, determine the magnitude and 
direction of the average impulsive force exerted by the bullet on 


the plate. 


R= 3960 mi 
Fig. P13.194 


Fig. P13.195 


into the ground. Assuming perfectly plastic impact (e = 0), deter- 
mine the average resistance of the ground to penetration. 


Ee: m 13.197 A small sphere B of mass m is attached to an inextensible cord of 
length 2a, which passes around the fixed peg A and is attached to 
a fixed support at O. The sphere is held close to the support at O 
and released with no initial velocity. It drops freely to point C, 
where the cord becomes taut, and swings in a vertical plane, first 
about A and then about O. Determine the vertical distance from 
line OD to the highest point C” that the sphere will reach. 


13.196 The 650-kg hammer of a drop-hammer pile driver falls from a 
650 kg height of 1.2 m onto the top of a 140-kg pile, driving it 110 mm 


Fig. P13.196 


~ 


Fig. P13.197 


13.198 Disks A and B of mass m, and mg, respectively, can slide freely 


on a frictionless horizontal surface. Disk B is at rest when it is hit 
by disk A which is moving with a velocity vp in a direction forming 
an angle @ with the line of impact. Denoting by e the coefficient 
of restitution between the two disks, show that the n component 
of the velocity of A after impact is (a) positive if ma > emg, 
(b) negative if ma < emg, (c) zero if ma = emg. 


13.199 Blocks A and B are connected by a cord which passes over pulleys 


and through a collar C. The system is released from rest when 
x = 1.7m. As block A rises, it strikes collar C with perfectly plastic 
impact (¢ = 0). After impact, the two blocks and the collar keep 
moving until they come to a stop and reverse their motion. As A 
and C move down, C hits the ledge and blocks A and B keep 
moving until they come to another stop. Determine (a) the velocity 
of the blocks and collar immediately after A hits C, (b) the distance 
the blocks and collar move after the impact before coming to a 
stop, (c) the value of x at the end of one complete cycle. 


Fig. P13.199 


13.200 A small sphere A attached to a cord AC is released from rest in 


13.201 


the position shown and hits an identical sphere B hanging from a 
vertical cord BD. If the maximum angle 0, formed by cord BD 
with the vertical in the subsequent motion of sphere B is to be 
equal to the angle 6,4, determine the required value of the ratio 
Ip/l, of the lengths of the two cords in terms of the efficient of 
restitution e between the two spheres. 


A 2-kg block A is pushed up against a spring compressing it a dis- 
tance x = 0.1 m. The block is then released from rest and slides 
down the 20° incline until it strikes a 1-kg sphere B which is sus- 
pended from a 1-m inextensible rope. The spring constant k = 800 
N/m, the coefficient of friction between A and the ground is 0.2, 
the distance A slides from the unstretched length of the spring 
d = 1.5 m and the coefficient of restitution between A and B is 
0.8. When a = 40°, determine (a) the speed of B, (b) the tension 
in the rope. 


Fig. P13.198 
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13.€1 A 12-Ib collar is attached to a spring anchored at point C and can 
slide on a frictionless rod forming an angle of 30° with the vertical. The 
spring is of constant k and is unstretched when the collar is at A. Knowing 
that the collar is released from rest at A, use computational software to 
determine the velocity of the collar at point B for values of k from 0.1 to 
2.0 Ib/in. 


20 in. 


a 


Fig. P13.C1 


13.€2 Skid marks on a drag race track indicate that the rear (drive) wheels 
of a 2000-Ib car slip with the front wheels just off the ground for the first 
60 ft of the 1320-ft track. The car is driven with slipping impending, with 
60 percent of its weight on the rear wheels, for the remaining 1260 ft of the 
race. Knowing that the coefficients of kinetic and static friction are 0.60 and 
0.85, respectively, and that the force due to the aerodynamic drag is Fy = 
0.0098v7, where the speed v is expressed in ft/s and the force Fy in lb, use 
computational software to determine the time elapsed and the speed of the 
car at various points along the track, (a) taking the force Fy into account, 
(b) ignoring the force Fy. If you write a computer program use increments of 
distance Ax = 0.1 ft in your calculations, and tabulate your results every 5 ft 
for the first 60 ft and every 90 ft for the remaining 1260 ft. (Hint: The 
time At; required for the car to move through the increment of distance 
Ax; can be obtained by dividing Ax; by the average velocity s(v; + 0;44) 
of the car over Ax; if the acceleration of the car is assumed to remain 
constant over Ax.) 


13.€3 A 5-kg bag is gently pushed off the top of a wall and swings in a 
vertical plane at the end of a 2.4-m rope which can withstand a maximum 
tension F,,. For F,,, from 40 to 140 N use computational software to deter- 
mine (a) the difference in elevation h between point A and point B where 
the rope will break, (b) the distance d from the vertical wall to the point 
where the bag will strike the floor. 


13.€4 Use computational software to determine (a) the time required for 
the system of Prob. 13.199 to complete 10 successive cycles of the motion 
described in that problem, starting with x = 1.7 m, (b) the value of x at the 
end of the tenth cycle. 


13.€5 A 700-g ball B is hanging from an inextensible cord attached to a 
support at C. A 350-g ball A strikes B with a velocity vp at an angle 0) with 
the vertical. Assuming no friction and denoting by e the coefficient of restitu- 
tion, use computational software to determine the magnitudes vj and vz of 
the velocities of the balls immediately after impact and the percentage of 
energy lost in the collision for v9 = 6 m/s and values of @ from 20° to 150°, 
assuming (a) e = 1, (b) e = 0.75, (c) e = 0. 


Vo 


Fig. P13.C5 


13.€6 In Prob. 13.109, a space vehicle was in a circular orbit at an altitude 
of 225 mi above the surface of the earth. To return to earth it decreased its 
speed as it passed through A by firing its engine for a short interval of time 
in a direction opposite to the direction of its motion. Its resulting velocity 
as it reached point B at an altitude of 40 mi formed an angle $3 = 60° with 
the vertical. An alternative strategy for taking the space vehicle out of its 
circular orbit would be to turn it around so that its engine pointed away 
from the earth and then give it an incremental velocity Av, toward the 
center O of the earth. This would likely require a smaller expenditure of 
energy when firing the engine at A, but might result in too fast a descent 
at B. Assuming that this strategy is used, use computational software to 
determine the values of dg and vz for an energy expenditure ranging from 
5 to 100 percent of that needed in Prob. 13.109. 


R = 3960 mi 


Fig. P13.C6 
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The thrust for this XR-5M15 prototype 
engine is produced by gas particles 
being ejected at a high velocity. The 
determination of the forces on the test 
stand is based on the analysis of the 
motion of a variable system of 
particles, i.e., the motion of a large 
number of air particles considered 


together rather than separately. 
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Chapter 14 Systems of Particles 


Introduction 

Application of Newton's Laws 
to the Motion of a System of 
Particles. Effective Forces 

Linear and Angular Momentum 
of a System of Particles 

Motion of the Mass Center of a 
System of Particles 

Angular Momentum of a System 
of Particles About Its Mass Center 
Conservation of Momentum for a 
System of Particles 

Kinetic Energy of a System of 
Particles 

Work-Energy Principle. 
Conservation of Energy for a 
System of Particles 

Principle of Impulse and 
Momentum for a System of 
Particles 

Variable Systems of Particles 
Steady Stream of Particles 
Systems Gaining or Losing Mass 


14.1 INTRODUCTION 


In this chapter you will study the motion of systems of particles, i.e., 
the motion of a large number of particles considered together. The 
first part of the chapter is devoted to systems consisting of well- 
defined particles; the second part considers the motion of variable 
systems, i.e., systems which are continually gaining or losing parti- 
cles, or doing both at the same time. 

In Sec. 14.2, Newton’s second law will first be applied to each 
particle of the system. Defining the effective force of a particle as 
the product ma; of its mass m, and its acceleration a;, we will show 
that the external forces acting on the various particles form a system 
equipollent to the system of the effective forces, i.e., both systems 
have the same resultant and the same moment resultant about any 
given point. In Sec. 14.3, it will be further shown that the resultant 
and moment resultant of the external forces are equal, respectively, 
to the rate of change of the total linear momentum and of the total 
angular momentum of the particles of the system. 

In Sec. 14.4, the mass center of a system of particles is defined 
and the motion of that point is described, while in Sec. 14.5 the 
motion of the particles about their mass center is analyzed. The 
conditions under which the linear momentum and the angular 
momentum of a system of particles are conserved are discussed in 
Sec. 14.6, and the results obtained in that section are applied to the 
solution of various problems. 

Sections 14.7 and 14.8 deal with the application of the work- 
energy principle to a system of particles, and Sec. 14.9 with the 
application of the impulse-momentum principle. These sections also 
contain a number of problems of practical interest. 

It should be noted that while the derivations given in the first 
part of this chapter are carried out for a system of independent par- 
ticles, they remain valid when the particles of the system are rigidly 
connected, i.e., when they form a rigid body. In fact, the results 
obtained here will form the foundation of our discussion of the kinet- 
ics of rigid bodies in Chaps. 16 through 18. 

The second part of this chapter is devoted to the study of variable 
systems of particles. In Sec. 14.11 you will consider steady streams of 
particles, such as a stream of water diverted by a fixed vane, or the flow 
of air through a jet engine, and learn to determine the force exerted by 
the stream on the vane and the thrust developed by the engine. Finally, 
in Sec. 14.12, you will learn how to analyze systems which gain mass 
by continually absorbing particles or lose mass by continually expelling 
particles. Among the various practical applications of this analysis will 
be the determination of the thrust developed by a rocket engine. 


14.2 APPLICATION OF NEWTON’S LAWS TO THE 
MOTION OF A SYSTEM OF PARTICLES. 
EFFECTIVE FORCES 


In order to derive the equations of motion for a system of n particles, 
let us begin by writing Newton's second law for each individual par- 
ticle of the system. Consider the particle P;, where 1 = i = n. Let 


m;, be the mass of P; and a; its acceleration with respect to the new- 
tonian frame of reference Oxyz. The force exerted on P; by another 
particle P; of the system (Fig. 14.1), called an internal force, will be 
denoted by f;;. The resultant of the internal forces exerted on P; by 


all the other parades of the system is thus 3 f,;, (where f; has no 
gel 

meaning and is assumed to be equal to zero). Denoting, on the other 

hand, by F; the resultant of all the external forces acting on P;, we 

write Newton's second law for the particle P; as follows: 


F, + > f,, = ma; (14.1) 
j=l 


Denoting by r; the position vector of P; and taking the moments 
about O of the various terms in Eq. (14.1), we also write 


n 
r; X F, + Ss (x; X fj) = 1; X ma; (14.2) 

j=l 
Repeating this procedure for each particle P; of the system, we 
obtain n equations of the type (14.1) and n equations of the type 
(14.2), where i takes successively the values 1, 2, ... , n. The vectors 
ma; are referred to as the effective forces of the particles.t Thus the 
equations obtained express the fact that the external forces F; and 
the internal forces f; acting on the various particles form a system 
equivalent to the system of the effective forces mja; (i.e., one system 

may be replaced by the other) (Fig. 14.2). 


Fig. 14.2 


Before proceeding further with our derivation, let us examine 
the internal forces f,;. We note that these forces occur in pairs fj, fi, 
where f; represents “the force exerted by the particle P; on the par- 
ticle P; and f;, represents the force exerted by P; on P; (Fig. 14.2). 
Now, according to Newton’s third law (Sec. 6.1), as ‘cater ded by 
Newton’s law of gravitation to particles acting at a distance (Sec. 12.10), 
the forces f and f;, are equal and opposite and have the same line of 
action. Their sum is therefore f;, + f, = 0, and the sum of their 
moments about O is 


r Xf, +4, x f = 41, x (fj + fi) + ( — 1) x £ = 0 


tSince these vectors represent the resultants of the forces acting on the various 
particles of the system, they can truly be considered as forces. 


14.2 Application of Newton's Laws to the 


Fig. 14.1 


Motion of a System of Particles. 
Effective Forces 
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since the vectors rj — r; and fj; in the last term are collinear. Adding 
all the internal forces of the system and summing their moments 


about O, we obtain the equations 


> ¥ f= 3 Bx fy = (14.3) 


which express the fact that the resultant and the moment resultant 
of the internal forces of the system are zero. 

Returning now to the n equations (14.1), where i = 1, 2,...,n, 
we sum their left-hand members and sum their right-hand members. 
Taking into account the first of Eqs. (14.3), we obtain 


(14.4) 


Proceeding similarly with Eqs. (14.2) and taking into account the 
second of Eqs. (14.3), we have 


(14.5) 


Equations (14.4) and (14.5) express the fact that the system of 
the external forces F; and the system of the effective forces m,a; have 
the same resultant and the same moment resultant. Referring to the 
definition given in Sec. 3.19 for two equipollent systems of vectors, 
we can therefore state that the system of the external forces acting 
on the particles and the system of the effective forces of the particles 
are equipollent} (Fig. 14.3). 
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Fig. 14.3 


+The result just obtained is often referred to as d’Alembert’s principle, after the French 
mathematician Jean le Rond d'Alembert (1717-1783). However, d’Alembert’s original 
statement refers to the motion of a system of connected bodies, with fj representing 
constraint forces which if applied by themselves will not cause the system to move. Since, 
as it will now be shown, this is in general not the case for the internal forces acting on a 
system of free particles, the consideration of d’Alembert’s principle will be postponed 
until the motion of rigid bodies is considered (Chap. 16). 


Equations (14.3) express the fact that the system of the internal 
forces f;, is equipollent to zero. Note, however, that it does not follow 
that the internal forces have no effect on the particles under consid- 
eration. Indeed, the gravitational forces that the sun and the planets 
exert on one another are internal to the solar system and equipollent 
to zero. Yet these forces are alone responsible for the motion of the 
planets about the sun. 

Similarly, it does not follow from Eqs. (14.4) and (14.5) that 
two systems of external forces which have the same resultant and the 
same moment resultant will have the same effect on a given system 
of particles. Clearly, the systems shown in Figs. 14.4a and 14.4b have 


(b) 
Fig. 14.4 


the same resultant and the same moment resultant; yet the first sys- 
tem accelerates particle A and leaves particle B unaffected, while the 
second accelerates B and does not affect A. It is important to recall 
that when we stated in Sec. 3.19 that two equipollent systems of 
forces acting on a rigid body are also equivalent, we specifically 
noted that this property could not be extended to a system of forces 
acting on a set of independent particles such as those considered in 
this chapter. 

In order to avoid any confusion, blue equals signs are used to 
connect equipollent systems of vectors, such as those shown in 
Figs. 14.3 and 14.4. These signs indicate that the two systems of 
vectors have the same resultant and the same moment resultant. Red 
equals signs will continue to be used to indicate that two systems of 
vectors are equivalent, i.e., that one system can actually be replaced 
by the other (Fig. 14.2). 


14.3. LINEAR AND ANGULAR MOMENTUM 
OF A SYSTEM OF PARTICLES 


Equations (14.4) and (14.5), obtained in the preceding section for 
the motion of a system of particles, can be expressed in a more 
condensed form if we introduce the linear and the angular momen- 
tum of the system of particles. Defining the linear momentum L of 
the system of particles as the sum of the linear momenta of the vari- 
ous particles of the system (Sec. 12.3), we write 


L= > MV; (14.6) 
i=l 


14.3 Linear and Angular Momentum of a 
System of Particles 
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Defining the angular momentum Ho about O of the system of par- 
ticles in a similar way (Sec. 12.7), we have 


Ho = > (1; x MN;) (14.7) 
i=1 


Differentiating both members of Eqs. (14.6) and (14.7) with 
respect to ft, we write 


i= S) my, = > a (14.8) 


and 
; n n 
Ho = (x, X mvj) + » (x; X m,yv;) 


i=1 i=1 
n n 


= (vj X mvj) + by (x; X maj) 
i=l i=l 


which reduces to 
=> r; X mja;) (14.9) 


since the vectors v; and m,y; are collinear. 

We observe that the right-hand members of Eqs. (14.8) and 
(14.9) are respectively identical with the right-hand members of Eqs. 
(14.4) and (14.5). It follows that the left-hand members of these 
equations are respectively equal. Recalling that the left-hand mem- 
ber of Eq. (14.5) represents the sum of the moments Mo about O 
of the external forces acting on the particles of the system, and omit- 
ting the subscript i from the sums, we write 


SF=L (14.10) 
=Mo = Ho (14.11) 


These equations express that the resultant and the moment resultant 
about the fixed point O of the external forces are respectively equal 
to the rates of change of the linear momentum and of the angular 
momentum about O of the system of particles. 


14.4 MOTION OF THE MASS CENTER 
OF A SYSTEM OF PARTICLES 


Equation (14.10) may be written in an alternative form if the mass 
center of the system of particles is considered. The mass center of 
the system is the point G defined by the position vector r, which 


satisfies the relation 


mr = > miX; (14.12) 
i=1 


n 
where m represents the total mass >‘ m; of the particles. Resolving 
i=l 
the position vectors r and r; into rectangular components, we obtain 
the following three scalar equations, which can be used to deter- 
mine the coordinates x, y, z of the mass center: 


n n n 
mx = > Mix; my = ey Mii mz = > Mz; (14.12") 
i=l i=] i=l 


Since mg represents the weight of the particle P;, and mg the 
total weight of the particles, G is also the center of gravity of the 
system of particles. However, in order to avoid any confusion, G will 
be referred to as the mass center of the system of particles when 
properties associated with the mass of the particles are being dis- 
cussed, and as the center of gravity of the system when properties 
associated with the weight of the particles are being considered. Par- 
ticles located outside the gravitational field of the earth, for example, 
have a mass but no weight. We can then properly refer to their mass 
center, but obviously not to their center of gravity.t 

Differentiating both members of Eq. (14.12) with respect to ¢, 
we write 


n 
mr = > mjX; 
i=l 
or 
n 
mv = S MV; (14.13) 
i=l 


where v represents the velocity of the mass center G of the system of 
particles. But the right-hand member of Eq. (14.13) is, by definition, 
the linear momentum L of the system (Sec. 14.3). We therefore have 


L=mv (14.14) 
and, differentiating both members with respect to f, 


L=ma (14.15) 


tIt may also be pointed out that the mass center and the center of gravity of a system of 
particles do not exactly coincide, since the weights of the particles are directed toward 
the center of the earth and thus do not truly form a system of parallel forces. 


14.4 Motion of the Mass Center of a 
System of Particles 
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Fig. 14.5 


where a represents the acceleration of the mass center G. Substitut- 
ing for L from (14.15) into (14.10), we write the equation 


=F = ma (14.16) 


which defines the motion of the mass center G of the system of 
particles. 

We note that Eq. (14.16) is identical with the equation we 
would obtain for a particle of mass m equal to the total mass of 
the particles of the system, acted upon by all the external forces. We 
therefore state that the mass center of a system of particles moves as 
if the entire mass of the system and all the external forces were con- 
centrated at that point. 

This principle is best illustrated by the motion of an exploding 
shell. We know that if air resistance is neglected, it can be assumed 
that a shell will travel along a parabolic path. After the shell has 
exploded, the mass center G of the fragments of shell will continue 
to travel along the same path. Indeed, point G must move as if the 
mass and the weight of all fragments were concentrated at G; it must, 
therefore, move as if the shell had not exploded. 

It should be noted that the preceding derivation does not 
involve the moments of the external forces. Therefore, it would be 
wrong to assume that the external forces are equipollent to a vector 
ma attached at the mass center G. This is not in general the case 
since, as you will see in the next section, the sum of the moments 
about G of the external forces is not in general equal to zero. 


14.5 ANGULAR MOMENTUM OF A SYSTEM OF 
PARTICLES ABOUT ITS MASS CENTER 


In some applications (for example, in the analysis of the motion of 
a rigid body) it is convenient to consider the motion of the particles 
of the system with respect to a centroidal frame of reference Gx'y'z' 
which translates with respect to the newtonian frame of reference 
Oxyz (Fig. 14.5). Although a centroidal frame is not, in general, a 
newtonian frame of reference, it will be seen that the fundamental 
relation (14.11) holds when the frame Oxyz is replaced by Gx'y’z’. 
Denoting, respectively, by rj and v; the position vector and the 
velocity of the particle P; relative to the moving frame of reference 
Gx'y'z', we define the angular momentum H¢ of the system of par- 
ticles about the mass center G as follows: 
n 
He = » (r, X m,v}) (14.17) 
i=l 
We now differentiate both members of Eq. (14.17) with respect to t. 
This operation is similar to that performed in Sec. 14.3 on Eq. (14.7), 
and so we write immediately 
n 
Hy = >) (r} x ma') (14.18) 


i=1 


where a; denotes the acceleration of P; relative to the moving frame 
of reference. Referring to Sec. 11.12, we write 


aj=ata, 


where a; and a denote, respectively, the accelerations of P; and G 
relative to the frame Oxyz. Solving for aj and substituting into (14.18), 
we have 


Hi; = Ss (x; X mja;) — (S ma) xa (14.19) 


i=l i=1 


But, by (14.12), the second sum in Eq. (14.19) is equal to mr’ and 
thus to zero, since the position vector r’ of G relative to the frame 
Gx'y’z' is clearly zero. On the other hand, since a; represents the 
acceleration of P; relative to a newtonian frame, we can use Eq. (14.1) 
and replace mja; by the sum of the internal forces f,; and of the 
resultant F, of the external forces acting on P;. But a reasoning 
similar to that used in Sec. 14.2 shows that the moment resultant 
about G of the internal forces f; of the entire system is zero. The 
first sum in Eq. (14.19) therefore reduces to the moment resultant 
about G of the external forces acting on the particles of the system, 
and we write 


=Mo = Hi (14.20) 


which expresses that the moment resultant about G of the external 
forces is equal to the rate of change of the angular momentum about 
G of the system of particles. 

It should be noted that in Eq. (14.17) we defined the angular 
momentum H¢ as the sum of the moments about G of the momenta 
of the particles m,v; in their motion relative to the centroidal frame 
of reference Gx'y'z'. We may sometimes want to compute the sum 
Hg of the moments about G of the momenta of the particles m,v; in 
their absolute motion, i.e., in their motion as observed from the new- 
tonian frame of reference Oxyz (Fig. 14.6): 

n 
Hc = Ss (x; X m,v;) (14.21) 
i=l 
Remarkably, the angular momenta Hg and Hg are identically equal. 
This can be verified by referring to Sec. 11.12 and writing 


vVj=vtv; (14.22) 
Substituting for v; from (14.22) into Eq. (14.21), we have 


n n 
Hc = (S met) Xvt oS (r} X mv!) 
i=l i=l 
But, as observed earlier, the first sum is equal to zero. Thus Hg 
reduces to the second sum, which, by definition, is equal to H¢.t 


' 


tNote that this property is peculiar to the centroidal frame Gx'y'z’ and does not, in 


general, hold for other frames of reference (see Prob. 14.29). 


14.5 Angular Momentum of a System of 
Particles About Its Mass Center 
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Photo 14.1 If no external forces are acting on 
the two stages of this rocket, the linear and angular 
momentum of the system will be conserved. 


Taking advantage of the property we have just established, we 
simplify our notation by dropping the prime (") from Eq. (14.20) and 
writing 


=Me- — He (14.23) 


where it is understood that the angular momentum Hg can be com- 
puted by forming the moments about G of the momenta of the par- 
ticles in their motion with respect to either the newtonian frame 
Oxyz or the centroidal frame Gx'y'z’: 


14.6 CONSERVATION OF MOMENTUM 
FOR A SYSTEM OF PARTICLES 


If no external force acts on the particles of a system, the left-hand 
members of Eqs. (14.10) and (14.11) are equal to zero and these 
equations reduce to L = 0 and Hp = 0. We conclude that 


L = constant Ho = constant (14.25) 


The equations obtained express that the linear momentum of the 
system of particles and its angular momentum about the fixed point O 
are conserved. 

In some applications, such as problems involving central forces, 
the moment about a fixed point O of each of the external forces can 
be zero without any of the forces being zero. In such cases, the sec- 
ond of Eqs. (14.25) still holds; the angular momentum of the system 
of particles about O is conserved. 

The concept of conservation of momentum can also be applied 
to the analysis of the motion of the mass center G of a system of 
particles and to the analysis of the motion of the system about G. 
For example, if the sum of the external forces is zero, the first of 
Eqs. (14.25) applies. Recalling Eq. (14.14), we write 


v = constant (14.26) 


which expresses that the mass center G of the system moves in a 
straight line and at a constant speed. On the other hand, if the sum 
of the moments about G of the external forces is zero, it follows from 
Eq. (14.23) that the angular momentum of the system about its mass 
center is conserved: 

Hc. = constant (14.27) 


z 


SAMPLE PROBLEM 14.1 


A 200-kg space vehicle is observed at t = 0 to pass through the origin of a 
newtonian reference frame Oxyz with velocity vp = (150 m/s)i relative to 
the frame. Following the detonation of explosive charges, the vehicle sepa- 
rates into three parts A, B, and C, of mass 100 kg, 60 kg, and 40 kg, respec- 
tively. Knowing that at t = 2.5 s the positions of parts A and B are observed 
to be A(555, —180, 240) and B(255, 0, —120), where the coordinates are 
expressed in meters, determine the position of part C at that time. 


SOLUTION 


Since there is no external force, the mass center G of the system moves 
with the constant velocity vp = (150 m/s)i. At t = 2.5 s, its position is 


r = vot = (150m/s)i(2.5s) = (3875m)i 
Recalling Eq. (14.12), we write 


mY = Mar, + Marz + Merc 
(200 kg)(375 m)i = (100 kg)[(555 m)i — (180 m)j + (240 m)k] 
+ (60 kg)[(255 m)i — (120 m)k] + (40 ke)re 


rc = (105 m)i + (450 m)j — (420 m)k “4 


SAMPLE PROBLEM 14.2 


A 20-lb projectile is moving with a velocity of 100 ft/s when it explodes into 
two fragments A and B, weighing 5 lb and 15 lb, respectively. Knowing that 
immediately after the explosion, fragments A and B travel in directions 
defined respectively by 0, = 45° and 6, = 30°, determine the velocity of 
each fragment. 


SOLUTION 


Since there is no external force, the linear momentum of the system is 
conserved, and we write 


MaVa + Mgvg = MV 
(5/g)v4 + (15/g)wp = (20/g)vo 
x components: 5v, cos 45° + 15vz cos 30° = 20(100) 
+f y components: 5v, sin 45° — 15vz sin 30° = 0 


Solving simultaneously the two equations for va and vg, we have 
v4 = 207 ft/s Dp = 97.6 ft/s 
v4 = 207 ft/s 2 45° vg = O76 fs 30° 4 
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SOLVINGIPROBLEMS 
JN FOUR OWN 


fi Fie: chapter deals with the motion of systems of particles, that is, with the motion 
of a large number of particles considered together, rather than separately. In this 
first lesson you learned to compute the linear momentum and the angular momentum 
of a system of particles. We defined the linear momentum L of a system of particles 
as the sum of the linear momenta of the particles and we defined the angular momen- 
tum Ho of the system as the sum of the angular momenta of the particles about O: 


n n 
L= » MV; Hy = > (x; X m,v;) (14.6, 14.7) 
i=l i=l 
In this lesson, you will solve a number of problems of practical interest, either by 
observing that the linear momentum of a system of particles is conserved or by 
considering the motion of the mass center of a system of particles. 


1. Conservation of the linear momentum of a system of particles. This occurs 
when the resultant of the external forces acting on the particles of the system is 
zero. You may encounter such a situation in the following types of problems. 

a. Problems involving the rectilinear motion of objects such as colliding 
automobiles and railroad cars. After you have checked that the resultant of the 
external forces is zero, equate the algebraic sums of the initial momenta and final 
momenta to obtain an equation which can be solved for one unknown. 

b. Problems involving the two-dimensional or three-dimensional motion of 
objects such as exploding shells, or colliding aircraft, automobiles, or billiard balls. 
After you have checked that the resultant of the external forces is zero, add vec- 
torially the initial momenta of the objects, add vectorially their final momenta, and 
equate the two sums to obtain a vector equation expressing that the linear momen- 
tum of the system is conserved. 

In the case of a two-dimensional motion, this equation can be replaced by 
two scalar equations which can be solved for two unknowns, while in the case of 
a three-dimensional motion it can be replaced by three scalar equations which can 
be solved for three unknowns. 


2. Motion of the mass center of a system of particles. You saw in Sec. 14.4 
that the mass center of a system of particles moves as if the entire mass of the sys- 
tem and all of the external forces were concentrated at that point. 

a. In the case of a body exploding while in motion, it follows that the mass 
center of the resulting fragments moves as the body itself would have moved if the 
explosion had not occurred. Problems of this type can be solved by writing the equa- 
tion of motion of the mass center of the system in vectorial form and expressing the 
position vector of the mass center in terms of the position vectors of the various frag- 
ments [Eq. (14.12)]. You can then rewrite the vector equation as two or three scalar 
equations and solve the equations for an equivalent number of unknowns. 

b. In the case of the collision of several moving bodies, it follows that the 
motion of the mass center of the various bodies is unaffected by the collision. 
Problems of this type can be solved by writing the equation of motion of the mass 
center of the system in vectorial form and expressing its position vector before 
and after the collision in terms of the position vectors of the relevant bodies 
[Eq. (14.12)]. You can then rewrite the vector equation as two or three scalar 
equations and solve these equations for an equivalent number of unknowns. 


14.1 


14.2 


14.3 


14.4 


14.5 


PROBLEMS 


An airline employee tosses two suitcases, of mass 15 kg and 
20 kg, respectively, onto a 25-kg baggage carrier in rapid suc- 
cession. Knowing that the carrier is initially at rest and that the 
employee imparts a 3-m/s horizontal velocity to the 15-kg 
suitcase and a 2-m/s horizontal velocity to the 20-kg suitcase, 
determine the final velocity of the baggage carrier if the first 
suitcase tossed onto the carrier is (a) the 15-kg suitcase, (b) the 
20-kg suitcase. 


An airline employee tosses two suitcases in rapid succession, with 
a horizontal velocity of 2.4 m/s, onto a 25-kg baggage carrier 
which is initially at rest. (a) Knowing that the final velocity of 
the baggage carrier is 1.2 m/s and that the first suitcase the 
employee tosses onto the carrier has a mass of 15 kg, determine 
the mass of the other suitcase. (b) What would be the final veloc- 
ity of the carrier if the employee reversed the order in which he 
tosses the suitcases? 


A 180-Ib man and a 120-Ib woman stand side by side at the same 
end of a 300-lb boat, ready to dive, each with a 16-ft/s velocity 
relative to the boat. Determine the velocity of the boat after 
they have both dived, if (a) the woman dives first, (b) the man 
dives first. 


Fig. P14.3 


A 180-Ib man and a 120-lb woman stand at opposite ends of a 
300-lb boat, ready to dive, each with a 16-ft/s velocity relative to 
the boat. Determine the velocity of the boat after they have both 
dived, if (a) the woman dives first, (b) the man dives first. 


A bullet is fired with a horizontal velocity of 1500 ft/s through a 
6-Ib block A and becomes embedded in a 4.95-Ib block B. Know- 
ing that blocks A and B start moving with velocities of 5 ft/s and 
9 ft/s, respectively, determine (a) the weight of the bullet, (b) its 
velocity as it travels from block A to block B. 


Fig. P14.1 and P14.2 


Fig. P14.4 


1500 ft/s 
<== 


=_——_ 


Fig. P14.5 


868 _ Systems of Particles 14.6 A 45-ton boxcar A is moving in a railroad switchyard with a velocity 
of 5.6 mi/h toward cars B and C, which are both at rest with their 
brakes off at a short distance from each other. Car B is a 25-ton 
flatcar supporting a 30-ton container, and car C is a 40-ton boxcar. 
As the cars hit each other they get automatically and tightly cou- 
pled. Determine the velocity of car A immediately after each of the 
two couplings, assuming that the container (a) does not slide on the 
flatcar, (b) slides after the first coupling but hits a stop before the 
second coupling occurs, (c) slides and hits the stop only after the 
second coupling has occurred. 


Fig. P14.6 


14.7 At an amusement park there are 200-kg bumper cars A, B, and C 
that have riders with masses of 40 kg, 60 kg, and 35 kg respectively. 
Car A is moving to the right with a velocity v, = 2 m/s and car C 
has a velocity vg = 1.5 m/s to the left, but car B is initially at rest. 
The coefficient of restitution between each car is 0.8. Determine 
the final velocity of each car, after all impacts, assuming (a) cars A 
and C hit car B at the same time, (b) car A hits car B before 
car C does. 


Fig. P14.7 and P14.8 


14.8 At an amusement park there are 200-kg bumper cars A, B, and C 
that have riders with masses of 40 kg, 60 kg, and 35 kg respectively. 
Car A is moving to the right with a velocity vy = 2 m/s when it 
hits stationary car B. The coefficient of restitution between each 
car is 0.8. Determine the velocity of car C so that after car B col- 
lides with car C the velocity of car B is zero. 


14.9 A system consists of three particles A, B, and C. We know that 
ma = 3 kg, mg = 4 kg, and m, = 5 kg and that the velocities of 
the particles expressed in m/s are, respectively, v, = —4i + 4j + 6k, 
vg = —6i + 8j + 4k, and ve = 2i — 6j — 4k. Determine the 
angular momentum Ho of the system about O. 


14.10 For the system of particles of Prob. 14.9, determine (a) the posi- 
tion vector r of the mass center G of the system, (b) the linear 
momentum mv of the system, (c) the angular momentum Hg of 
the system about G. Also verify that the answers to this problem 
and to Prob. 14.9 satisfy the equation given in Prob. 14.27. 


14.11 A system consists of three particles A, B, and C. We know that 
Fig. P14.9 and P14.11 ma, = 3 kg, mg = 4 kg, and me = 5 kg and that the velocities of the 


14.12 


14.13 


14.14 


14.15 


14.16 


14.17 


14.18 


particles expressed in m/s are, respectively, vs = —4i + 4j + 6k, 
Vp = vd + v,j + 4k, and vo = 2i — 6j — 4k. Determine (a) the 
components v, and v, of the velocity of particle B for which 
the angular momentum Hp of the system about O is parallel to the 
z axis, (b) the corresponding value of Ho. 


For the system of particles of Prob. 14.11, determine (a) the com- 
ponents v, and v, of the velocity of particle B for which the angular 
momentum Ho of the system about O is parallel to the y axis, 


(b) the corresponding value of Ho. 


A system consists of three particles A, B, and C. We know that 
W, = 5 lb, Wz = 4 lb, and We = 3 lb and that the velocities of 
the particles expressed in ft/s are, respectively, v, = 2i + 3j — 2k, 
Vg = vx + v,j + vk, and ve = —3i — 2j + k. Determine 
(a) the components v, and v, of the velocity of particle B for which 
the angular momentum Ho of the system about O is parallel to 


the x axis, (b) the value of Ho. 


For the system of particles of Prob. 14.13, determine (a) the com- 
ponents v, and v, of the velocity of particle B for which the angular 
momentum Ho of the system about O is parallel to the < axis, 
(b) the value of Ho. 


A 900-Ib space vehicle traveling with a velocity vy = (1200 ft/s)i 
passes through the origin O at t = 0. Explosive charges then sepa- 
rate the vehicle into three parts A, B, and C, weighing, respectively, 
450 Ib, 300 Ib, and 150 lb. Knowing that at t = 4 s, the positions 
of parts A and B are observed to be A (3840 ft, —960 ft, —1920 ft) 
and B (6480 ft, 1200 ft, 2640 ft), determine the corresponding posi- 
tion of part C. Neglect the effect of gravity. 


A 30-lb projectile is passing through the origin O with a velocity 
vo = (120 ft/s)i when it explodes into two fragments A and B, of 
weight 12 Ib and 18 lb, respectively. Knowing that 3 s later the 
position of fragment A is (300 ft, 24 ft, —48 ft), determine the 
position of fragment B at the same instant. Assume i= =e = 
—32.2 ft/s? and neglect air resistance. 


A small airplane of mass 1500 kg and a helicopter of mass 3000 kg 
flying at an altitude of 1200 m are observed to collide directly 
above a tower located at O in a wooded area. Four minutes earlier 
the helicopter had been sighted 8.4 km due west of the tower and 
the airplane 16 km west and 12 km north of the tower. As a result 
of the collision the helicopter was split into two pieces, H; and Hg, 
of mass m, = 1000 kg and mg = 2000 kg, respectively; the airplane 
remained in one piece as it fell to the ground. Knowing that the 
two fragments of the helicopter were located at points H, (500 m, 
—100 m) and Hy (600 m, —500 m), respectively, and assuming 
that all pieces hit the ground at the same time, determine the 
coordinates of the point A where the wreckage of the airplane will 


be found. 


In Problem 14.17, knowing that the wreckage of the small airplane 
was found at point A (1200 m, 80 m) and the 1000-kg fragment 
of the helicopter at point H, (400 m, —200 m), and assuming that 
all pieces hit the ground at the same time, determine the coordi- 
nates of the point Hz where the other fragment of the helicopter 
will be found. 


Fig. P14.13 


Fig. P14.17 


Problems 
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Fig. P14.21 


Fig. P14.22 


14.19 and 14.20 Car A was traveling east at high speed when it col- 


lided at point O with car B, which was traveling north at 72 km/h. 
Car C, which was traveling west at 90 km/h, was 10 m east and 
3 m north of point O at the time of the collision. Because the 
pavement was wet, the driver of car C could not prevent his car 
from sliding into the other two cars, and the three cars, stuck 
together, kept sliding until they hit the utility pole P. Knowing that 
the masses of cars A, B, and C are, respectively, 1500 kg, 1300 kg, 
and 1200 kg, and neglecting the forces exerted on the cars by the 
wet pavement solve the problems indicated. 

14.19 Knowing that the coordinates of the utility pole are 
x, = 18 mand y, = 13.9 m, determine (a) the time 
elapsed from the first collision to the stop at P, (b) the 
speed of car A. 

14.20 Knowing that the speed of car A was 129.6 km/h 
and that the time elapsed from the first collision to 
the stop at P was 2.4 s, determine the coordinates 
of the utility pole P. 


Fig. P14.19 and P14.20 


14.21 


14.23 


and 14.22 Ina game of pool, ball A is moving with a velocity 
vy when it strikes balls B and C which are at rest and aligned as 
shown. Knowing that after the collision the three balls move in the 
directions indicated and that vy = 12 ft/s and vg = 6.29 ft/s, deter- 
mine the magnitude of the velocity of (a) ball A, (b) ball B. 


An expert archer demonstrates his ability by hitting tennis balls 
thrown by an assistant. A 58-g tennis ball has a velocity of 
(10 m/s)i — (2 m/s)j and is 10 m above the ground when it is hit 
by a 40-¢ arrow traveling with a velocity of (50 m/s)j + (70 m/s)k 
where j is directed upwards. Determine the position P where the 
ball and arrow will hit the ground, relative to point O located 
directly under the point of impact. 


14.24 Ina scattering experiment, an alpha particle A is projected with Problems Q7] 
the velocity uy = —(600 m/s)i + (750 m/s)j — (800 m/s)k into a 
stream of oxygen nuclei moving with a common velocity vy = 
(600 m/s)j. After colliding successively with the nuclei B and C, 
particle A is observed to move along the path defined by the 
points A; (280, 240, 120) and Ag (360, 320, 160), while nuclei B 
and C are observed to move along paths defined, respectively, by 
B, (147, 220, 130) and By (114, 290, 120), and by C, (240, 232, 
90) and Cy, (240, 280, 75). All paths are along straight lines and 
all coordinates are expressed in millimeters. Knowing that the 
mass of an oxygen nucleus is four times that of an alpha particle, 
determine the speed of each of the three particles after the 
collisions. 


14.25 A 12-lb shell moving with a velocity vp = (40 ft/s)i — (30 ft/s)j — 
(1200 ft/s)k explodes at point D into three fragments A, B, and C 
weighing, respectively, 5 lb, 4 lb, and 3 lb. Knowing that the frag- Fig. P14.24 
ments hit the vertical wall at the points indicated, determine the 
speed of each fragment immediately after the explosion. 


Fig. P14.25 and P14.26 


14.26 A 12-lb shell moving with a velocity vp = (40 ft/s)i — (30 ft/s)j — 
(1200 ft/s)k explodes at point D into three fragments A, B, and C 
weighing, respectively, 4 lb, 3 lb, and 5 lb. Knowing that the frag- 
ments hit the vertical wall at the points indicated, determine the 
speed of each fragment immediately after the explosion. 
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Fig. P14.29 


14.27 Derive the relation 
Ho = Yr x mv + He 


between the angular momenta Ho and Hg defined in Eqs. (14.7) 
and (14.24), respectively. The vectors r and v define, respectively, 
the position and velocity of the mass center G of the system of 
particles relative to the newtonian frame of reference Oxyz, and 
m represents the total mass of the system. 


14.28 Show that Eq. (14.23) may be derived directly from Eq. (14.11) by 
substituting for Ho the expression given in Prob. 14.27. 


14.29 Consider the frame of reference Ax’y’z' in translation with respect 
to the newtonian frame of reference Oxyz. We define the angular 
momentum H}, of a system of n particles about A as the sum 


n 
H, = > r; X mv; (1) 
i=l 
of the moments about A of the momenta m,v; of the particles in their 
motion relative to the frame Ax'y'z’. Denoting by H, the sum 


n 
H, = y r; X M,V; 

i=l 
of the moments about A of the momenta m,v; of the particles in 
their motion relative to the newtonian frame Oxyz, show that Hy = 
Hi), at a given instant if, and only if, one of the following condi- 
tions is satisfied at that instant: (a) A has zero velocity with respect 
to the frame Oxyz, (b) A coincides with the mass center G of the 
system, (c) the velocity v, relative to Oxyz is directed along the 
line AG. 


14.30 Show that the relation 2M, = H4, where H) is defined by Eq. (1) 
of Prob. 14.29 and where 2M, represents the sum of the moments 
about A of the external forces acting on the system of particles, is 
valid if, and only if, one of the following conditions is satisfied: 
(a) the frame Ax'y'z’ is itself a newtonian frame of reference, 
(b) A coincides with the mass center G, (c) the acceleration a, of 
A relative to Oxyz is directed along the line AG. 


14.7 KINETIC ENERGY OF A SYSTEM OF PARTICLES 


The kinetic energy T of a system of particles is defined as the sum 
of the kinetic energies of the various particles of the system. Refer- 
ring to Sec. 13.3, we therefore write 


(14.28) 


Using a Centroidal Frame of Reference. _ It is often convenient 
when computing the kinetic energy of a system comprising a large 
number of particles (as in the case of a rigid body) to consider sepa- 
rately the motion of the mass center G of the system and the motion 
of the system relative to a moving frame attached to G. 


Let P; be a particle of the system, v; its velocity relative to the 
newtonian frame of reference Oxyz, and v; its velocity relative to the 
moving frame Gx'y'z’ which is in translation with respect to Oxyz 
(Fig. 14.7). We recall from the preceding section that 


vVj=avetrv; (14.22) 


where v denotes the velocity of the mass center G relative to the 
newtonian frame Oxyz. Observing that v; is equal to the scalar prod- 
uct v; * v;, we express the kinetic energy T of the system relative to 
the newtonian frame Oxyz as follows: 


1 n } 1 n 
T=— >, mo; == d (my; - vi) 
2 i) 2 1 


or, substituting for v; from (14.22), 


The first sum represents the total mass m of the system. Recalling 
Eq. (14.13), we note that the second sum is equal to mv’ and thus 
to zero, since v’, which represents the velocity of G relative to the 
frame Gx'y'z', is clearly zero. We therefore write 


7 LS 
T = $mo2 + a = mv? (14.29) 
i=l 


This equation shows that the kinetic energy T of a system of particles 
can be obtained by adding the kinetic energy of the mass center G 
(assuming the entire mass concentrated at G) and the kinetic energy 
of the system in its motion relative to the frame Gx'y'z’. 


14.7 Kinetic Energy of a System of Particles 
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Photo 14.2 When a golf ball is hit out of 

a sand trap, some of the momentum of the club 
is transferred to the golf ball and any sand that 
is hit. 


14.8 WORK-ENERGY PRINCIPLE. CONSERVATION 
OF ENERGY FOR A SYSTEM OF PARTICLES 


The principle of work and energy can be applied to each particle P; 
of a system of particles. We write 


T) oF U\_,2 = To (14.30) 


for each particle P;, where U,_,2. represents the work done by the 
internal forces f; and the resultant external force F; acting on P,. 
Adding the kinetic energies of the various particles of the system and 
considering the work of all the forces involved, we can apply Eq. 
(14.30) to the entire system. The quantities T; and T, now represent 
the kinetic energy of the entire system and can be computed from 
either Eq. (14.28) or Eq. (14.29). The quantity U,_,.. represents the 
work of all the forces acting on the particles of the system. Note that 
while the internal forces f; and f ji are equal and opposite, the work 
of these forces will not, in general, cancel out, since the particles P; 
and P; on which they act will, in general, undergo different displace- 
ments. Therefore, in computing U,_,2, we must consider the work of 
the internal forces fj as well as the work of the external forces F,. 

If all the forces acting on the particles of the system are con- 
servative, Eq. (14.30) can be replaced by 


TE ar Vi = To al Vo (14.31) 


where V represents the potential energy associated with the internal 
and external forces acting on the particles of the system. Equation 
(14.31) expresses the principle of conservation of energy for the sys- 
tem of particles. 


14.9 PRINCIPLE OF IMPULSE AND MOMENTUM 
FOR A SYSTEM OF PARTICLES 


Integrating Eqs. (14.10) and (14.11) in t from ¢ to ts, we write 


ty 
> | Fdt =L,—L, (14.32) 


th 


to 
= | Mo dt = (Ho)2 — (Ho) (14.33) 
ty 

Recalling the definition of the linear impulse of a force given in Sec. 
13.10, we observe that the integrals in Eq. (14.32) represent the 
linear impulses of the external forces acting on the particles of the 
system. We shall refer in a similar way to the integrals in Eq. (14.33) 
as the angular impulses about O of the external forces. Thus, Eq. 
(14.32) expresses that the sum of the linear impulses of the external 
forces acting on the system is equal to the change in linear momen- 
tum of the system. Similarly, Eq. (14.33) expresses that the sum of 
the angular impulses about O of the external forces is equal to the 
change in angular momentum about O of the system. 


In order to make clear the physical significance of Eqs. (14.32) 14.9 Principle of Hea os oe 875 
and (14.33), we will rearrange the terms in these equations and write ” 


[pas be | 'F oe — Le (14.34) 
(Ho), ate DS | Me dt = (Ho)s (14.35) 


In parts a and c of Fig. 14.8 we have sketched the momenta of the 
particles of the system at times ¢, and ts, respectively. In part b we have 
shown a vector equal to the sum of the linear impulses of the external 
forces and a couple of moment equal to the sum of the angular impulses 
about O of the external forces. For simplicity, the particles have been 


y y y 
(mava)t i (mava)o (mpyvg)2 
Fdt 
VA ae , Fe _ -—— Y 
(mMpgvp) 
O x O x O x 
a 7 : orev 
(mevc), ty Modt 
(a) (b) (c) 
Fig. 14.8 


assumed to move in the plane of the figure, but the present discussion 
remains valid in the case of particles moving in space. Recalling from 
Eq. (14.6) that L, by definition, is the resultant of the momenta m,v,, 
we note that Eq. (14.34) expresses that the resultant of the vectors 
shown in parts a and b of Fig. 14.8 is equal to the resultant of the 
vectors shown in part c of the same figure. Recalling from Eq. (14.7) 
that Ho is the moment resultant of the momenta m,;, we note that 
Eq. (14.35) similarly expresses that the moment resultant of the vectors 
in parts a and b of Fig. 14.8 is equal to the moment resultant of the 
vectors in part c. Together, Eqs. (14.34) and (14.35) thus express that 
the momenta of the particles at time t, and the impulses of the external 
forces from t to tz form a system of vectors equipollent to the system 
of the momenta of the particles at time t:. This has been indicated in 
Fig. 14.8 by the use of blue plus and equals signs. 

If no external force acts on the particles of the system, the inte- 
grals in Eqs. (14.34) and (14.35) are zero, and these equations yield 


L, = L, (14.36) 
(Ho): = (Ho)s (14.37) 


We thus check the result obtained in Sec. 14.6: If no external force 
acts on the particles of a system, the linear momentum and the 
angular momentum about O of the system of particles are conserved. 
The system of the initial momenta is equipollent to the system of 
the final momenta, and it follows that the angular momentum of the 
system of particles about any fixed point is conserved. 
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SAMPLE PROBLEM 14.3 


For the 200-kg space vehicle of Sample Prob. 14.1, it is known that at t = 
2.5 s, the velocity of part A is v4 = (270 m/s)i — (120 m/s)j + (160 m/s)k 
and the velocity of part B is parallel to the xz plane. Determine the velocity 
of part C. 


SOLUTION 


Since there is no external force, the initial momentum mvp is equipollent 
to the system of the final momenta. Equating first the sums of the vectors 
in both parts of the adjoining sketch, and then the sums of their moments 
about O, we write 


L, = L:: MvVy = Mava + MpVg + McVC (1) 


(Ho); = (Ho): = Ya x MAVA ar rg x MpBVB ar Yc x McVc (2) 
Recalling from Sample Prob. 14.1 that vp = (150 m/s)i, 


ma = 100 kg mz = 60 kg mc = 40 kg 
ry = (555 m)i — (180 m)j + (240 m)k 
rg = (255 m)i — (120 m)k 
rc = (105 m)i + (450 m)j — (420 m)k 


and using the information given in the statement of this problem, we rewrite 
Eqs. (1) and (2) as follows: 


200(150i) = 100(270i — 120j + 160k) + 60[(vg),.i + (vg)-k] 


+ 40[(v¢)si + (0c)yj + (c)-k] (1) 


ijk sk 
0 = 100/555 —180 240] + 60/255 0 —120 
270 —120 160 (vg), 0 (vg): 

i j k 


+ 40|105 450 —420] (2’) 
(vc)x (ve)y (vc)z 


Equating to zero the coefficient of j in (1’) and the coefficients of i and k 
in (2’), we write, after reductions, the three scalar equations 


(vc), — 300 = 0 

450(v¢), + 420(v¢)y = 0 

105(v¢), — 450(v¢), — 45 000 = 0 
y 


which yield, respectively, 
(vc), = 300 (vc). = —280 (vc), = —30 
The velocity of part C is thus 
Vo = —(30 m/s)i + (300 m/s)j — (280 m/s)k 4 


Position 1 


Position 2 
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A 


(va) 


0 


(va)o 


(vgja)2 = 0 


(vg)o = (va) 


Position 1 


Position 2 


A 


=| 
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SAMPLE PROBLEM 14.4 


Ball B, of mass mg, is suspended from a cord of length / attached to cart A, 
of mass ma, which can roll freely on a frictionless horizontal tract. If the ball 
is given an initial horizontal velocity vo while the cart is at rest, determine 
(a) the velocity of B as it reaches its maximum elevation, (b) the maximum 
vertical distance h through which B will rise. (It is assumed that u< 2¢l.) 


SOLUTION 


The impulse-momentum principle and the principle of conservation of 
energy will be applied to the cart-ball system between its initial position 1 
and position 2, when B reaches its maximum elevation. 


Velocities Position 1: (v4); = 0 Gan = (1) 


Position 2: When ball B reaches its maximum elevation, its velocity (vg,4)2 

relative to its support A is zero. Thus, at that instant, its absolute velocity is 
(Vp)o = (Va)o ar (vpya)o = (Va)o (2) 

Impulse-Momentum Principle. Noting that the external impulses consist 

of Wat, Wet, and Rt, where R is the reaction of the track on the cart, and 

recalling (1) and (2), we draw the impulse-momentum diagram and write 

Xmy, + { Ext Imp). = =mve 

+5x components: Mply = (M4 + M~g)(Va)o 

which expresses that the linear momentum of the system is conserved in 

the horizontal direction. Solving for (v,)o: 


mB 


v0 — es aan Valo = (Vale = 
(ole = (Wala = (Wale = 


mB 


O Ola < 


Conservation of Energy 
Position 1. Potential Energy: = V, = magl 


Kinetic Energy: T, = FMpvo 
Position 2. Potential Energy: = V2 = magl + mpgh 
Kinetic Energy: T, = (ma + mg)(v,)? 


T, + V, =T2+ Vo: $mpvg + magl = $(ma + mpg)(va)3 + magl + mggh 
Solving for h, we have 


vo = ma + meg (v4)3 


h= 
2g Mp 2¢ 
or, substituting for (v4), the expression found above, 
UE m ve m ve 
0 B 0 A 
he he SS 
2g ma, + mz 2 Ma + mz 2 


Remarks. (1) Recalling that vn < 2el, it follows from the last equation that 
h < ; we thus check that B stays below A as assumed in our solution. 

(2) For m4 >> mz, the answers obtained reduce to (vg). = (v4)2 = 0 and 
h= v9/2¢; B oscillates as a simple pendulum with A fixed. For my, << mz, 
they reduce to (vg). = (va)2 = Vo and h = 0; A and B move with the same 
constant velocity vo. 
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SAMPLE PROBLEM 14.5 


In a game of billiards, ball A is given an initial velocity vy of magnitude 
Uo = 10 ft/s along line DA parallel to the axis of the table. It hits ball B and 
then ball C, which are both at rest. Knowing that A and C hit the sides of 
the table squarely at points A’ and C’, respectively, that B hits the side 
obliquely at B’, and assuming frictionless surfaces and perfectly elastic 
impacts, determine the velocities v,, vg, and vc with which the balls hit the 
sides of the table. (Remark: In this sample problem and in several of the 
problems which follow, the billiard balls are assumed to be particles moving 
freely in a horizontal plane, rather than the rolling and sliding spheres they 
actually are.) 


: SOLUTION 


Conservation of Momentum. Since there is no external force, the initial 
momentum mvp is equipollent to the system of momenta after the two col- 

D A lisions (and before any of the balls hits the side of the table). Referring to 
47 |---— Ome mvp = (10 fi/s) the adjoining sketch, we write 


| +5 components: m(10 ft/s) = m(vg), + mvc (1) 
O +f y components: 0 = mv, — mvp), (2) 
_ 8 ft + moments about O: —(2 ft)m(10 ft/s) = (8 ft)mv, 

"| —(7 ft)m(vg), — (3 ft)mve (3) 


mv e : : 
ee Solving the three equations for v4, (vg), and (vg), in terms of vc, 


Cae (vp), = 30¢ — 20 (vp), = 10 — 0¢ (4) 


m (VB), , 3 ft 
m(vp)x | Conservation of Energy. Since the surfaces are frictionless and the 
a | impacts are perfectly elastic, the initial kinetic energy $mvg is equal to the 
: final kinetic energy of the system: 


ih a I Bh edlos, le ip il 2 
ZMUp = FMava + ZMBvB t+ ZMCUC 
va + (vp)z + (vg), + ve = (10 ft/s)? (5) 
Substituting for v,, (vg), and (vg), from (4) into (5), we have 


2(3ve — 20)? + (10 — vce? + v2 = 100 
20v2, — 260vc + 800 = 0 


Solving for vc, we find vc = 5 ft/s and uc = 8 ft/s. Since only the second 
root yields a positive value for v, after substitution into Eqs. (4), we con- 
clude that vc = 8 ft/s and 


0, = (05), = 38) 20 — 4 ft/s (vg), = 10 — 8 = 2 ft/s 
va = 4 ft/s? vg = 4.47 ft/s SG 63.4° vc = 8fis> <4 
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SOLVING PROBLEMS 
UN YOURK OWN 


ik the preceding lesson we defined the linear momentum and the angular 
momentum of a system of particles. In this lesson we defined the kinetic 
energy T of a system of particles: 


1 n 5 
T= . > M0; (14.28) 
i=1 


The solutions of the problems in the preceding lesson were based on the conserva- 
tion of the linear momentum of a system of particles or on the observation of the 
motion of the mass center of a system of particles. In this lesson you will solve 
problems involving the following: 


1. Computation of the kinetic energy lost in collisions. The kinetic energy T; 
of the system of particles before the collisions and its kinetic energy Tz after the 
collisions are computed from Eq. (14.28) and are subtracted from each other. Keep 
in mind that, while linear momentum and angular momentum are vector quanti- 
ties, kinetic energy is a scalar quantity. 


2. Conservation of linear momentum and conservation of energy. As you saw 
in the preceding lesson, when the resultant of the external forces acting on a sys- 
tem of particles is zero, the linear momentum of the system is conserved. In 
problems involving two-dimensional motion, expressing that the initial linear 
momentum and the final linear momentum of the system are equipollent yields 
two algebraic equations. Equating the initial total energy of the system of particles 
(including potential energy as well as kinetic energy) to its final total energy yields 
an additional equation. Thus, you can write three equations which can be solved 
for three unknowns [Sample Prob. 14.5]. Note that if the resultant of the external 
forces is not zero but has a fixed direction, the component of the linear momentum 
in a direction perpendicular to the resultant is still conserved; the number of equa- 
tions which can be used is then reduced to two [Sample Prob. 14.4]. 


3. Conservation of linear and angular momentum. When no external forces 
act on a system of particles, both the linear momentum of the system and its 
angular momentum about some arbitrary point are conserved. In the case of three- 
dimensional motion, this will enable you to write as many as six equations, although 
you may need to solve only some of them to obtain the desired answers [Sample 
Prob. 14.3]. In the case of two-dimensional motion, you will be able to write three 
equations which can be solved for three unknowns. 


4. Conservation of linear and angular momentum and conservation of 
energy. In the case of the two-dimensional motion of a system of particles which 
are not subjected to any external forces, you will obtain two algebraic equations 
by expressing that the linear momentum of the system is conserved, one equation 
by writing that the angular momentum of the system about some arbitrary point 
is conserved, and a fourth equation by expressing that the total energy of the sys- 
tem is conserved. These equations can be solved for four unknowns. 
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PROBLEMS 


14.31 


14.32 


14.33 


14.34 


14.35 


Assuming that the airline employee of Prob. 14.1 first tosses the 
15-kg suitcase on the baggage carrier, determine the energy lost 
(a) as the first suitcase hits the carrier, (b) as the second suitcase 
hits the carrier. 


Determine the energy loss as a result of the series of collisions 
described in Prob. 14.7. 


In Prob. 14.3, determine the work done by the woman and by the 
man as each dives from the boat, assuming that the woman dives 
first. 


In Prob. 14.5, determine the energy lost as the bullet (a) passes 
through block A, (b) becomes embedded in block B. 


Two automobiles A and B, of mass m, and msg, respectively, are 
traveling in opposite directions when they collide head on. The 
impact is assumed perfectly plastic, and it is further assumed that 
the energy absorbed by each automobile is equal to its loss of 
kinetic energy with respect to a moving frame of reference attached 
to the mass center of the two-vehicle system. Denoting by E, and 
Ex, respectively, the energy absorbed by automobile A and by auto- 
mobile B, (a) show that E,/Ezp = mp/ma, that is, the amount of 
energy absorbed by each vehicle is inversely proportional to its 
mass, (b) compute E, and Ex, knowing that m, = 1600 kg and 
my = 900 kg and that the speeds of A and B are, respectively, 
90 km/h and 60 km/h. 


Fig. P14.35 


14.36 


14.37 
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It is assumed that each of the two automobiles involved in the 
collision described in Prob. 14.35 had been designed to safely 
withstand a test in which it crashed into a solid, immovable wall 
at the speed vo. The severity of the collision of Prob. 14.35 may 
then be measured for each vehicle by the ratio of the energy it 
absorbed in the collision to the energy it absorbed in the test. 
On that basis, show that the collision described in Prob. 14.35 
is (ma/mg)” times more severe for automobile B than for auto- 
mobile A. 


Solve Sample Prob. 14.4, assuming that cart A is given an initial 
horizontal velocity vp while ball B is at rest. 


14.38 


14.39 


In a game of pool, ball A is moving with the velocity vp = voi when 
it strikes balls B and C, which are at rest side by side. Assuming 
frictionless surfaces and perfectly elastic impact (i.e., conservation 
of energy), determine the final velocity of each ball, assuming that 
the path of A is (@) perfectly centered and that A strikes B and C 
simultaneously, (b) not perfectly centered and that A strikes B 
slightly before it strikes C. 


and 14.40 Ina game of pool, ball A is moving with a velocity 
vo of magnitude v9 = 15 ft/s when it strikes balls B and C, 
which are at rest and aligned as shown. Knowing that after the 
collision the three balls move in the directions indicated and 
assuming frictionless surfaces and perfectly elastic impact (ie., 
conservation of energy), determine the magnitudes of the velocities 
Va, Vp, and vo. 


Fig. P14.39 Fig. P14.40 


14.41 


14.42 


14.43 


Two hemispheres are held together by a cord which maintains 
a spring under compression (the spring is not attached to the hemi- 
spheres). The potential energy of the compressed spring is 120 J 
and the assembly has an initial velocity vy of magnitude 
vo = 8 m/s. Knowing that the cord is severed when @ = 30°, caus- 
ing the hemispheres to fly apart, determine the resulting velocity 
of each hemisphere. 


Solve Prob. 14.41, knowing that the cord is severed when 6 = 120°. 


A 40-lb block B is suspended from a 6-ft cord attached to a 60-lb 
cart A, which may roll freely on a frictionless, horizontal track. If 
the system is released from rest in the position shown, determine 
the velocities of A and B as B passes directly under A. 


Fig. P14.43 


Fig. P14.38 


Fig. P14.41 


Problems 
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Fig. P14.47 


14.44 


14.45 


14.46 


14.47 


14.48 


Three spheres, each of mass m, can slide freely on a frictionless, 
horizontal surface. Spheres A and B are attached to an inextensi- 
ble, inelastic cord of length / and are at rest in the position shown 
when sphere B is struck squarely by sphere C which is moving to 
the right with a velocity vp. Knowing that the cord is slack when 
sphere B is struck by sphere C and assuming perfectly elastic 
impact between B and C, determine (a) the velocity of each sphere 
immediately after the cord becomes taut, (b) the fraction of the 
initial kinetic energy of the system which is dissipated when the 
cord becomes taut. 


— 


Fig. P14.44 


A 360-kg space vehicle traveling with a velocity vy = (450 m/s)k 
passes through the origin O. Explosive charges then separate the 
vehicle into three parts A, B, and C, with masses of 60 kg, 120 kg, and 
180 kg, respectively. Knowing that shortly thereafter the positions of 
the three parts are, respectively, A(72, 72, 648), B(180, 396, 972), and 
C(-144, —288, 576), where the coordinates are expressed in meters, 
that the velocity of B is vg = (150m/s)i + (330 m/s)j + (660 m/)k, 
and that the x component of the velocity of C is —120 m/s, determine 
the velocity of part A. 


In the scattering experiment of Prob. 14.24, it is known that the 
alpha particle is projected from Ao(300, 0, 300) and that it collides 
with the oxygen nucleus C at Q(240, 200, 100), where all coordi- 
nates are expressed in millimeters. Determine the coordinates of 
point By where the original path of nucleus B intersects the zx plane. 
(Hint. Express that the angular momentum of the three particles 
about Q is conserved.) 


Two small spheres A and B, weighing 5 lb and 2 |b, respectively, 
are connected by a rigid rod of negligible weight. The two spheres 
are resting on a horizontal, frictionless surface when A is suddenly 
given the velocity vo = (10.5 ft/s)i. Determine (a) the linear 
momentum of the system and its angular momentum about its 
mass center G, (b) the velocities of A and B after the rod AB has 
rotated through 180°. 


Solve Prob. 14.47, assuming that it is B which is suddenly given 
the velocity vy = (10.5 ft/s)i. 


14.49 


14.50 


14.51 


14.52 


Three identical spheres A, B, and C, which can slide freely on a fric- 
tionless horizontal surface, are connected by means of inextensible, 
inelastic cords to a small ring D located at the mass center of the 
three spheres (I' = 2I cos 0). The spheres are rotating initially about 
ring D, which is at rest, at speeds proportional to their distances from 
D. We denote by vo the original speed of A and B and assume that 
6 = 30°. Suddenly cord CD breaks, causing sphere C to slide away. 
Considering the motion of spheres A and B and of ring D after the 
other two cords have again become taut, determine (a) the speed of 
ring D, (b) the relative speed at which sphere A and B rotate about 
D, (c) the percent of energy of the original system which is dissipated 
when cords AD and BD again become taut. 


Solve Prob. 14.49, assuming that 6 = 45°. 


Two small disks A and B, of mass 3 kg and 1.5 kg, respectively, 
may slide on a horizontal, frictionless surface. They are connected 
by a cord, 600 mm long, and spin counterclockwise about their 
mass center G at the rate of 10 rad/s. At t = 0, the coordinates of G 
are Xo = 0, yo = 2 m, and its velocity vy = (1.2 m/s)i + (0.96 m/s)j. 
Shortly thereafter the cord breaks; disk A is then observed to move 
along a path parallel to the y axis and disk B along a path which 
intersects the x axis at a distance b = 7.5 m from O. Determine 
(a) the velocities of A and B after the cord breaks, (b) the distance 
a from the y axis to the path of A. 


y VA 


|< (J ——____> 


O x 
———— 


P14.51 and P14.52 


Two small disks A and B, of mass 2 kg and 1 kg, respectively, may 
slide on a horizontal and frictionless surface. They are connected by 
a cord of negligible mass and spin about their mass center G. At t = 
0, G is moving with the velocity vo and its coordinates are 
Xo = 0, yy = 1.89 m. Shortly thereafter, the cord breaks and disk A 
is observed to move with a velocity v, = (5 m/s)j in a straight line 
and at a distance a = 2.56 m from the y axis, while B moves with 
a velocity vg = (7.2 m/s)i — (4.6 m/s)j along a path intersecting the 
x axis at a distance b = 7.48 m from the origin O. Determine (a) the 
initial velocity vp of the mass center G of the two disks, (b) the length 
of the cord initially connecting the two disks, (c) the rate in rad/s at 
which the disks were spinning about G. 


Fig. P14.49 


Problems 
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14.54 


Fig. P14.53 


14.55 


In a game of billiards, ball A is given an initial velocity vp along 
the longitudinal axis of the table. It hits ball B and then ball C, 
which are both at rest. Balls A and C are observed to hit the 
sides of the table squarely at A’ and C’, respectively, and ball B 
is observed to hit the side obliquely at B’. Knowing that vp = 12 ft/s, 
v4 = 5.76 ft/s, and a = 66 in., determine (a) the velocities vg and 
vc of balls B and C, (b) the point C’ where ball C hits the side 
of the table. Assume frictionless surfaces and perfectly elastic 
impacts (i.e., conservation of energy). 


For the game of billiards of Prob. 14.53, it is now assumed that 
vo = 15 ft/s, ve = 9.6 ft/s, and c = 48 in. Determine (a) the veloci- 
ties v, and vg of balls A and B, (b) the point A’ where ball A hits 
the side of the table. 


Three small identical spheres A, B, and C, which can slide on a 
horizontal, frictionless surface, are attached to three 200-mm-long 
strings, which are tied to a ring G. Initially the spheres rotate 
clockwise about the ring with a relative velocity of 0.8 m/s and the 
ring moves along the x axis with a velocity vp = (0.4 m/s)i. Sud- 
denly the ring breaks and the three spheres move freely in the xy 
plane with A and B following paths parallel to the y axis at a dis- 
tance a = 346 mm from each other and C following a path parallel 
to the x axis. Determine (a) the velocity of each sphere, (b) the 
distance d. 


vA Q 7 
| 


VB 


Fig. P14.55 and P14.56 


14.56 Three small identical spheres A, B, and C, which can slide on a 


horizontal, frictionless surface, are attached to three strings of 
length 1 which are tied to a ring G. Initially the spheres rotate 
clockwise about the ring which moves along the x axis with a veloc- 
ity vo. Suddenly the ring breaks and the three spheres move freely 
in the xy plane. Knowing that vy = (1.039 m/s)j, vc = (1.800 m/s)i, 
a = 416 mm, and d = 240 mm, determine (a) the initial velocity 
of the ring, (b) the length / of the strings, (c) the rate in rad/s at 
which the spheres were rotating about G. 


*14.10 VARIABLE SYSTEMS OF PARTICLES 


All the systems of particles considered so far consisted of well-defined 
particles. These systems did not gain or lose any particles during 
their motion. In a large number of engineering applications, how- 
ever, it is necessary to consider variable systems of particles, i.e., 
systems which are continually gaining or losing particles, or doing 
both at the same time. Consider, for example, a hydraulic turbine. 
Its analysis involves the determination of the forces exerted by a 
stream of water on rotating blades, and we note that the particles of 
water in contact with the blades form an everchanging system which 
continually acquires and loses particles. Rockets furnish another 
example of variable systems, since their propulsion depends upon 
the continual ejection of fuel particles. 

We recall that all the kinetics principles established so far were 
derived for constant systems of particles, which neither gain nor lose 
particles. We must therefore find a way to reduce the analysis of a 
variable system of particles to that of an auxiliary constant system. 
The procedure to follow is indicated in Secs. 14.11 and 14.12 for two 
broad categories of applications: a steady stream of particles and a 
system that is gaining or losing mass. 


*14.11 STEADY STREAM OF PARTICLES 


Consider a steady stream of particles, such as a stream of water 
diverted by a fixed vane or a flow of air through a duct or through 
a blower. In order to determine the resultant of the forces exerted 
on the particles in contact with the vane, duct, or blower, we isolate 
these particles and denote by S the system thus defined (Fig. 14.9). 
We observe that S is a variable system of particles, since it continually 
gains particles flowing in and loses an equal number of particles 
flowing out. Therefore, the kinetics principles that have been estab- 
lished so far cannot be directly applied to S. 

However, we can easily define an auxiliary system of particles 
which does remain constant for a short interval of time At. Consider 
at time t the system S$ plus the particles which will enter S during 
the interval at time At (Fig. 14.10a). Next, consider at time ¢ + At 
the system S plus the particles which have left § during the interval 
At (Fig. 14.10c). Clearly, the same particles are involved in both 
cases, and we can apply to those particles the principle of impulse 
and momentum. Since the total mass m of the system S remains 
constant, the particles entering the system and those leaving the sys- 
tem in the time At must have the same mass Am. Denoting by v4 
and vz, respectively, the velocities of the particles entering S at A 
and leaving S at B, we represent the momentum of the particles 
entering S by (Am)v, (Fig. 14.10a) and the momentum of the parti- 
cles leaving S$ by (Am)vz (Fig. 14.10c). We also represent by appro- 
priate vectors the momenta mv; of the particles forming S and the 
impulses of the forces exerted on S and indicate by blue plus and 
equals signs that the system of the momenta and impulses in parts a 
and b of Fig. 14.10 is equipollent to the system of the momenta in 
part c of the same figure. 


14.11 Steady Stream of Particles 
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Fig. 14.10 


The resultant =mjv; of the momenta of the particles of S is found 
on both sides of the equals sign and can thus be omitted. We conclude 
that the system formed by the momentum (Am)v, of the particles 
entering S in the time At and the impulses of the forces exerted on S 
during that time is equipollent to the momentum (Am)vz of the parti- 
cles leaving S in the same time At. We can therefore write 


(Am)v4 + =F At = (Am)vz (14.38) 


A similar equation can be obtained by taking the moments of the 
vectors involved (see Sample Prob. 14.5). Dividing all terms of Eq. 
(14.38) by Ag and letting At approach zero, we obtain at the limit 


am 
dt 


where vg — v4 represents the difference between the vector vg and 
the vector va. 

If SI units are used, dm/dt is expressed in kg/s and the veloci- 
ties in m/s; we check that both members of Eq. (14.39) are expressed 
in the same units (newtons). If U.S. customary units are used, dm/dt 
must be expressed in slugs/s and the velocities in ft/s; we check again 
that both members of the equation are expressed in the same units 
(pounds).t 

The principle we have established can be used to analyze a 
large number of engineering applications. Some of the more com- 
mon of these applications will be considered next. 


=F (vp — Va) (14.39) 


tIt is often convenient to express the mass rate of flow dm/dt as the product pQ, 
where p is the density of the stream (mass per unit volume) and Q its volume rate of 
flow (volume per unit time). If SI units are used, p is expressed in kg/m? (for instance, 
p = 1000 kg/m? for water) and Q in m’/s. However, if U.S. customary units are used, p 
will generally have to be computed from the corresponding specific weight y (weight 
per unit volume), p = y/g. Since y is expressed in lb/ft? (for instance, y = 62.4 lb/ft 
for water), p is obtained in slugs/ft®. The volume rate of flow Q is expressed in ft?/s. 


Fluid Stream Diverted by a Vane. If the vane is fixed, the 
method of analysis given above can be applied directly to find the force 
F exerted by the vane on the stream. We note that F is the only 
force which needs to be considered since the pressure in the stream 
is constant (atmospheric pressure). The force exerted by the stream on 
the vane will be equal and opposite to F. If the vane moves with 
a constant velocity, the stream is not steady. However, it will appear 
steady to an observer moving with the vane. We should therefore 
choose a system of axes moving with the vane. Since this system of 
axes is not accelerated, Eq. (14.38) can still be used, but v4 and vz 
must be replaced by the relative velocities of the stream with respect 
to the vane (see Sample Prob. 14.7). 


Fluid Flowing through a Pipe. The force exerted by the fluid 
on a pipe transition such as a bend or a contraction can be deter- 
mined by considering the system of particles $ in contact with the 
transition. Since, in general, the pressure in the flow will vary, the 
forces exerted on S by the adjoining portions of the fluid should also 
be considered. 


Jet Engine. In a jet engine, air enters with no velocity through 
the front of the engine and leaves through the rear with a high veloc- 
ity. The energy required to accelerate the air particles is obtained by 
burning fuel. The mass of the bumed fuel in the exhaust gases will 
usually be small enough compared with the mass of the air flowing 
through the engine that it can be neglected. Thus, the analysis of a 
jet engine reduces to that of an airstream. This stream can be con- 
sidered as a steady stream if all velocities are measured with respect 
to the airplane. It will be assumed, therefore, that the airstream 
enters the engine with a velocity v of magnitude equal to the speed 
of the airplane and leaves with a velocity u equal to the relative 


Fig. 14.11 


velocity of the exhaust gases (Fig. 14.11). Since the intake and exhaust 
pressures are nearly atmospheric, the only external force which needs 
to be considered is the force exerted by the engine on the airstream. 
This force is equal and opposite to the thrust.t 


tNote that if the airplane is accelerated, it cannot be used as a newtonian frame of 
reference. The same result will be obtained for the thrust, however, by using a 
reference frame at rest with respect to the atmosphere, since the air particles will 
then be observed to enter the engine with no velocity and to leave it with a velocity 
of magnitude u — v. 


14.11 Steady Stream of Particles 
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Slipstream 


Photo 14.3 As the shuttle’s booster rockets 
are fired, the gas particles they eject provide the 
thrust required for liftoff. 


Fan. We consider the system of particles $ shown in Fig. 14.12. 
The velocity v, of the particles entering the system is assumed equal 
to zero, and the velocity vz of the particles leaving the system is the 
velocity of the slipstream. The rate of flow can be obtained by mul- 
tiplying vg by the cross-sectional area of the slipstream. Since the 
pressure all around S is atmospheric, the only external force acting 
on S is the thrust of the fan. 


Helicopter. The determination of the thrust created by the rotat- 
ing blades of a hovering helicopter is similar to the determination of 
the thrust of a fan. The velocity v, of the air particles as they approach 
the blades is assumed to be zero, and the rate of flow is obtained by 
multiplying the magnitude of the velocity vg of the slipstream by its 
cross-sectional area. 


*14.12 SYSTEMS GAINING OR LOSING MASS 


Let us now analyze a different type of variable system of particles, 
namely, a system which gains mass by continually absorbing particles 
or loses mass by continually expelling particles. Consider the system 
S shown in Fig. 14.13. Its mass, equal to m at the instant f, increases 


mv (Am)vq 
S 


——— 
u=Vy-V 


YF At 


m+Am 


(m + Am)(v + Av) 


Fig. 14.13 


by Am in the interval of time At. In order to apply the principle of 
impulse and momentum to the analysis of this system, we must con- 
sider at time t the system S plus the particles of mass Am which S 
absorbs during the time interval At. The velocity of S at time t is 
denoted by v, the velocity of S at time t + At is denoted by v + Av, 
and the absolute velocity of the particles absorbed is denoted by v,. 
Applying the principle of impulse and momentum, we write 


mv + (Am)v, + =F At = (m + Am)(v + Av) (14.40) 


Solving for the sum =F At of the impulses of the external forces 
acting on S$ (excluding the forces exerted by the particles being 
absorbed), we have 


=F At = mAv + Am(v — v,) + (Am)(Av) (14.41) 


Introducing the relative velocity u with respect to S of the particles 
which are absorbed, we write u = v, — v and note, since v, < v, 
that the relative velocity u is directed to the left, as shown in Fig. 
14.13. Neglecting the last term in Eq. (14.41), which is of the second 
order, we write 


=F At = m Av — (Am)u 


Dividing through by At and letting At approach zero, we have at the 
limitt 
dv dm 
=F = m— - — 14.42 
nat dit" ( ) 
Rearranging the terms and recalling that dv/dt = a, where a is the 
acceleration of the system S, we write 
d 

=F + at =ma (14.43) 
which shows that the action on S of the particles being absorbed is 
equivalent to a thrust 


P=—u (14.44) 


which tends to slow down the motion of S, since the relative velocity 
u of the particles is directed to the left. If SI units are used, dm/dt 
is expressed in kg/s, the relative velocity u in m/s, and the corre- 
sponding thrust in newtons. If U.S. customary units are used, dm/dt 
must be expressed in slugs/s, u in ft/s, and the corresponding thrust 
in pounds. 

The equations obtained can also be used to determine the 
motion of a system S losing mass. In this case, the rate of change of 
mass is negative, and the action on S of the particles being expelled 
is equivalent to a thrust in the direction of —u, that is, in the direc- 
tion opposite to that in which the particles are being expelled. A 
rocket represents a typical case of a system continually losing mass 
(see Sample Prob. 14.8). 


tWhen the absolute velocity v, of the particles absorbed is zero, u = —v, and formula 
(14.42) becomes 

d 

=F = —(mv 

dt | 
Comparing the formula obtained to Eq. (12.3) of Sec. 12.3, we observe that Newton's 
second law can be applied to a system gaining mass, provided that the particles 
absorbed are initially at rest. Tt may also be applied to a system losing mass, provided 
that the velocity of the particles expelled is zero with respect to the frame of reference 
selected. 


{See footnote on page 886. 


14.12 Systems Gaining or Losing Mass 
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SAMPLE PROBLEM 14.6 


Grain falls from a hopper onto a chute CB at the rate of 240 lb/s. It hits 
the chute at A with a velocity of 20 ft/s and leaves at B with a velocity of 
15 ft/s, forming an angle of 10° with the horizontal. Knowing that the com- 
bined weight of the chute and of the grain it supports is a force W of mag- 
nitude 600 Ib applied at G, determine the reaction at the roller support B 
and the components of the reaction at the hinge C. 


SOLUTION 


We apply the principle of impulse and momentum for the time interval At 
to the system consisting of the chute, the grain it supports, and the amount 
of grain which hits the chute in the interval At. Since the chute does not 
move, it has no momentum. We also note that the sum =m,v; of the momenta 
of the particles supported by the chute is the same at ¢ and t + At and can 
thus be omitted. 


|~— 12, ft ——| 


epees Bt 


CrAr — 
ae C alae i 
6 ft 10° 
C, At ,;  —™s 6 eels 
——— 
(Am)vg 4 
WAt BAt 


Since the system formed by the momentum (Am)v, and the impulses 
is equipollent to the momentum (Am)vz, we write 


++x components: C,, At = (Am)vg cos 10° (1) 
+ y components: —(Am)v, + Cy NE Wet Bet 

= —(Am)vg sin 10° (2) 
+ moments about C: —3(Am)v, — 7(W At) + 12(B At) 


= 6(Am)vz cos 10° — 12(Am)vg sin 10° (3) 

Using the given data, W = 600 lb, va = 20 ft/s, vg = 15 ft/s, and Am/At = 
240/32.2 = 7.45 slugs/s, and solving Eq. (3) for B and Eq. (1) for C,, 
12B = 7(600) + 3(7.45)(20) + 6(7.45)(15)(cos 10° — 2 sin 10°) 

12B 5075 Be— 423i B = 423 lbt << 


C, = (7.45)(15) cos 10° = 110.1 Ib C,=110.1lb> « 
Substituting for B and solving Eq. (2) for oF 
CG, = 600 — 423 + (7.45)(20 — 15 sin 10°) = 307 Ib 
C, = 307 lbt << 


Ui) 


SAMPLE PROBLEM 14.7 


A nozzle discharges a stream of water of cross-sectional area A with a velocity 
v4. The stream is deflected by a single blade which moves to the right with 
a constant velocity V. Assuming that the water moves along the blade at con- 
stant speed, determine (a) the components of the force F exerted by the blade 
on the stream, (b) the velocity V for which maximum power is developed. 


SOLUTION 


a. Components of Force Exerted on Stream. We choose a coordinate 
system which moves with the blade at a constant velocity V. The particles 
of water strike the blade with a relative velocity us = v, — V and leave the 
blade with a relative velocity ug. Since the particles move along the blade 
at a constant speed, the relative velocities uy and ug have the same magni- 
tude u. Denoting the density of water by p, the mass of the particles striking 
the blade during the time interval At is Am = Ap(v, — V) At; an equal 
mass of particles leaves the blade during At. We apply the principle of 
impulse and momentum to the system formed by the particles in contact 
with the blade and the particles striking the blade in the time At. 


(Am) u, 


(Am) uy 


Recalling that u, and ug have the same magnitude u, and omitting 
the momentum 2m,v; which appears on both sides, we write 


+ x components: (Am)u — F, At = (Am)u cos 6 
+fy components: mE At = (Am)u sin 0 


Substituting Am = Ap(v, — V) At and u = v, — V, we obtain 
F, = Ap(v, — V)*(1 — cos 0) — ip = Ap(v, — V)? sin ot <4 
b. Velocity of Blade for Maximum Power. The power is obtained by 


multiplying the velocity V of the blade by the component F, of the force 
exerted by the stream on the blade. 


Power = F,V = Ap(v, — V)*(1 — cos 0)V 


Differentiating the power with respect to V and setting the derivative equal 
to zero, we obtain 


d(power) 
dV 


1 : 1 
V=, V = 3VA For maximum power V = 30,—> 


= Ap(vx — 4v,V + 3V7)(1 — cos 6) = 0 


Note. These results are valid only when a single blade deflects the stream. 
Different results are obtained when a series of blades deflects the stream, 
as in a Pelton-wheel turbine. (See Prob. 14.81.) 
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SAMPLE PROBLEM 14.8 


A rocket of initial mass mp (including shell and fuel) is fired vertically at 
time t = 0. The fuel is consumed at a constant rate g = dm/dt and is 
expelled at a constant speed w relative to the rocket. Derive an expression 
for the magnitude of the velocity of the rocket at time t, neglecting the 
resistance of the air. 


SOLUTION 


At time t, the mass of the rocket shell and remaining fuel is m = mo — qt, 
and the velocity is v. During the time interval At, a mass of fuel Am = 
q At is expelled with a speed u relative to the rocket. Denoting by v, the 
absolute velocity of the expelled fuel, we apply the principle of impulse and 
momentum between time ¢ and time t + At. 


(my—qt—qAt)(v+Av) 


[W At = g(mo — qt) At] Amv, 


[Amv, = q At(u — v)| 
We write 


(mo — gt)v — gimp — qt) At = (mp — qt — q At)(v + Av) — q Attu — v) 
Dividing through by At and letting At approach zero, we obtain 

dv 

de 4" 


Separating variables and integrating from t = 0, v = O tot =t, v = v, 


ov t 
o=( abe ~ 2d [a=|( if ~«)av 
mo — gt 5 fn Mo — qt 


Mo eee 
Mo — qt 2 


g(mo — qt) = (mp — qt) 


v = [-u ln(m — qt) — gto v=uln 


Remark. The mass remaining at time ¢, after all the fuel has been 
expended, is equal to the mass of the rocket shell m, = mo — qt,, and the 
maximum velocity attained by the rocket is v,, = u In (mo/m,) — gty. Assum- 
ing that the fuel is expelled in a relatively short period of time, the term gty 
is small and we have v,, ~ u In (mo/m,). In order to escape the gravitational 
field of the earth, a rocket must reach a velocity of 11.18 km/s. Assuming 
u = 2200 m/s and v,, = 11.18 km/s, we obtain mo/m, = 161. Thus, to project 
each kilogram of the rocket shell into space, it is necessary to consume more 
than 161 kg of fuel if a propellant yielding u = 2200 m/s is used. 


SOLVING PROBLEMS 
UN YOUK OWN 


TT" lesson is devoted to the study of the motion of variable systems of particles, 
ie., systems which are continually gaining or losing particles or doing both at 
the same time. The problems you will be asked to solve will involve (1) steady 
streams of particles and (2) systems gaining or losing mass. 


1. To solve problems involving a steady stream of particles, you will consider 
a portion S of the stream and express that the system formed by the momentum 
of the particles entering S at A in the time Af and the impulses of the forces 
exerted on S during that time is equipollent to the momentum of the particles 
leaving S$ at B in the same time At (Fig. 14.10). Considering only the resultants 
of the vector systems involved, you can write the vector equation 


(Am)v, + =F At = (Am)vz (14.38) 


You may want to consider as well the moments about a given point of the vector 
systems involved to obtain an additional equation [Sample Prob. 14.6], but many 
problems can be solved using Eq. (14.38) or the equation obtained by dividing all 
terms by A¢t and letting At approach zero, 


=F = ——(vz = va) (14.39) 


where vg — vq represents a vector subtraction and where the mass rate of flow 
dm/dt can be expressed as the product pQ of the density p of the stream (mass 
per unit volume) and the volume rate of flow Q (volume per unit time). If U.S. 
customary units are used, p is expressed as the ratio y/g, where y is the specific 
weight of the stream and g is the acceleration of gravity. 


Typical problems involving a steady stream of particles have been described in 
Sec. 14.11. You may be asked to determine the following: 

a. Thrust caused by a diverted flow. Equation (14.39) is applicable, but you 
will get a better understanding of the problem if you use a solution based on 
Eq. (14.38). 

b. Reactions at supports of vanes or conveyor belts. First draw a diagram 
showing on one side of the equals sign the momentum (Am)v, of the particles 
impacting the vane or belt in the time At, as well as the impulses of the loads and 
reactions at the supports during that time, and showing on the other side the 
momentum (Am)vz of the particles leaving the vane or belt in the time At [Sample 
Prob. 14.6]. Equating the x components, y components, and moments of the quan- 
tities on both sides of the equals sign will yield three scalar equations which can 
be solved for three unknowns. 

c. Thrust developed by a jet engine, a propeller, or a fan. In most cases, 
a single unknown is involved, and that unknown can be obtained by solving the 
scalar equation derived from Eq. (14.38) or Eq. (14.39). 


(continued) 
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2. To solve problems involving systems gaining mass, you will consider the 
system S, which has a mass m and is moving with a velocity v at time t, and the 
particles of mass Am with velocity v, that S will absorb in the time interval At 
(Fig. 14.13). You will then express that the total momentum of S and of the parti- 
cles that will be absorbed, plus the impulse of the external forces exerted on S, 
are equipollent to the momentum of S at time ¢ + At. Noting that the mass of S 
and its velocity at that time are, respectively, m + Am and v + Av, you will write 
the vector equation 


mv + (Am)v, + =F At = (m + Am)(v + Av) (14.40) 


As was shown in Sec. 14.12, if you introduce the relative velocity u = v, — v of 
the particles being absorbed, you obtain the following expression for the resultant 
of the external forces applied to S: 

dv dm 

=F = m— —- — 14.42 

dt dt’ ( ) 
Furthermore, it was shown that the action on S of the particles being absorbed is 
equivalent to a thrust 


P = —u (14.44) 
exerted in the direction of the relative velocity of the particles being absorbed. 


Examples of systems gaining mass are conveyor belts and moving railroad cars 
being loaded with gravel or sand, and chains being pulled out of a pile. 


3. To solve problems involving systems losing mass, such as rockets and rocket 
engines, you can use Eqs. (14.40) through (14.44), provided that you give negative 
values to the increment of mass Am and to the rate of change of mass dm/dt. It 
follows that the thrust defined by Eq. (14.44) will be exerted in a direction oppo- 
site to the direction of the relative velocity of the particles being ejected. 


14.57 


14.58 


14.59 


14.60 


PROBLEMS 


A stream of water of cross-section area A and velocity v, strikes a 
plate which is held motionless by a force P. Determine the magni- 
tude of P, knowing that A = 500 mm’, t; = 25 m/s and V = 0. 


A stream of water of cross-section area A and velocity v; strikes a 
plate which moves to the right with a velocity V. Determine 
the magnitude of V, knowing that A = 600 mm, v; = 30 m/s and 
P = 400 N. 


Tree limbs and branches are being fed at A at the rate of 5 kg/s 
into a shredder which spews the resulting wood chips at C with a 
velocity of 20 m/s. Determine the horizontal component of the 
force exerted by the shredder on the truck hitch at D. 


Fig. P14.59 


A rotary power plow is used to remove snow from a level section 
of railroad track. The plow car is placed ahead of an engine 
which propels it at a constant speed of 12 mi/h. The plow car 
clears 180 tons of snow per minute, projecting it in the direction 
shown with a velocity of 40 ft/s relative to the plow car. Neglect- 
ing friction, determine (a) the force exerted by the engine on the 
plow car, (b) the lateral force exerted by the track on the plow. 


Fig. P14.60 


= 


Vy 


—> 
Vv 


Fig. P14.57 and P14.58 
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896 _ Systems of Particles 14.61 Water flows in a continuous sheet from between two plates A and 
B with a velocity v of magnitude 30 m/s. The stream is split into 
two parts by a smooth horizontal plate C. Knowing that the rates 
of flow in each of the two resulting streams are, respectively, 
Q,; = 100 L/min and Q2 = 500 L/min, determine (a) the angle 0, 
(b) the total force exerted by the stream on the horizontal plate. 


Fig. P14.61 and P14.62 


14.62 Water flows in a continuous sheet from between two plates A and 
B with a velocity v of magnitude 40 m/s. The stream is split into 
two parts by a smooth horizontal plate C. Determine the rates of 
flow Q, and Qy in each of the two resulting streams, knowing that 
@ = 30° and that the total force exerted by the stream on the 
horizontal plate is a 500-N vertical force. 


14.63 The nozzle discharges water at the rate of 1.3 m/min. Knowing 
the velocity of the water at both A and B has a magnitude of 20 m/s 
and neglecting the weight of the vane, determine the components 
of the reactions at C and D. 


500 mm 


|- 750 mm | 


Fig. P14.63 


14.64 Knowing that the blade AB of Sample Prob. 14.7 is in the shape 
of an arc of circle, show that the resultant force F exerted by the 
blade on the stream is applied at the midpoint C of the arc AB. 
(Hint: First show that the line of action of F must pass through 
the center O of the circle.) 


14.65 


14.66 


The stream of water shown flows at a rate of 150 gal/min and 
moves with a velocity of magnitude 60 ft/s at both A and B. The 
vane is supported by a pin and bracket at C and by a load cell at 
D which can exert only a horizontal force. Neglecting the weight 
of the vane, determine the components of the reactions at C and 
D (1 ft? = 7.48 gal). 


The nozzle shown discharges water at the rate of 200 gal/min. 
Knowing that at both B and C the stream of water moves with a 
velocity of magnitude 100 ft/s, and neglecting the weight of the 
vane, determine the force-couple system which must be applied at 
A to hold the vane in place (1 ft? = 7.48 gal). 


3in. Gin. | 40° 


Fig. P14.66 


14.67 A high speed jet of air issues from the nozzle A with a velocity of 


va and mass flow rate of 0.36 kg/s. The air impinges on a vane 
causing it to rotate to the position shown. The vane has a mass of 
6 kg. Knowing that the magnitude of the air velocity is equal at A 
and B determine (a) the magnitude of the velocity at A, (b) the 
components of the reactions at O. 


200 mm 


500 mm 


K— 250 mm | 


Fig. P14.67 


Fig. P14.65 
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898 _ Systems of Particles 14.68 Coal is being discharged from a first conveyor belt at the rate of 
120 kg/s. It is received at A by a second belt which discharges it 
again at B. Knowing that v; = 3 m/s and vg = 4.25 m/s and that 
the second belt assembly and the coal it supports have a total 
mass of 472 kg, determine the components of the reactions at C 
and D. 


0.75 m 
I< |< 2.25 m “|B bas 


Fig. P14.68 


14.69 While cruising in level flight at a speed of 900 km/h, a jet plane 
scoops in air at the rate of 90 kg/s and discharges it with a velocity 
of 660 m/s relative to the airplane. Determine the total drag due 
to air friction on the airplane. 


14.70 The total drag due to air friction on a jet airplane cruising in level 
flight at a speed of 570 mi/h is 7500 lb. Knowing that the exhaust 
velocity is 1800 ft/s relative to the airplane, determine the rate in 
Ib/s at which the air must pass through the engine. 


14.71 The jet engine shown scoops in air at A at a rate of 200 lb/s 
and discharges it at B with a velocity of 2000 ft/s relative to the 
airplane. Determine the magnitude and line of action of the pro- 
pulsive thrust developed by the engine when the speed of the 
airplane is (a) 300 mi/h, (b) 600 mi/h. 


Fig. P14.71 


14.72 In order to shorten the distance required for landing, a jet airplane 
is equipped with movable vanes which partially reverse the direc- 
tion of the air discharged by each of its engines. Each engine 
scoops in the air at a rate of 120 kg/s and discharges it with a 
velocity of 600 m/s relative to the engine. At an instant when the 
speed of the airplane is 270 km/h, determine the reverse thrust 

Fig. P14.72 provided by each of the engines. 


20° 
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14.75 


14.76 


A floor fan designed to deliver air at a maximum velocity of 6 m/s 
in a 400-mm-diameter slipstream is supported by a 200-mm- 
diameter circular base plate. Knowing that the total weight of 
the assembly is 60 N and that its center of gravity is located 
directly above the center of the base plate, determine the maxi- 
mum height h at which the fan may be operated if it is not to tip 
over. Assume p = 1.21 kg/m? for air and neglect the approach 
velocity of the air. 


The helicopter shown can produce a maximum downward air 
speed of 80 ft/s in a 30-ft-diameter slipstream. Knowing that the 
weight of the helicopter and its crew is 3500 Ib and assuming 
y = 0.076 lb/ft? for air, determine the maximum load that the 
helicopter can lift while hovering in midair. 


Fig. P14.74 


A jet airliner is cruising at a speed of 600 mi/h with each of its 
three engines discharging air with a velocity of 2000 ft/s relative 
to the plane. Determine the speed of the airliner after it has lost 
the use of (a) one of its engines, (b) two of its engines. Assume 
that the drag due to air friction is proportional to the square of 
the speed and that the remaining engines keep operating at the 
same rate. 


Fig. P14.75 


A 16-Mg jet airplane maintains a constant speed of 774 km/h while 
climbing at an angle a = 18°. The airplane scoops in air at a rate 
of 300 kg/s and discharges it with a velocity of 665 m/s relative to 
the airplane. If the pilot changes to a horizontal flight while main- 
taining the same engine setting, determine (a) the initial accelera- 
tion of the plane, (b) the maximum horizontal speed that will be 
attained. Assume that the drag due to air friction is proportional 
to the square of the speed. 


Fig. P14.73 


Fig. P14.76 
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900 _ Systems of Particles 14.77 The wind turbine-generator shown has an output-power rating of 
5 kW for a wind speed of 30 km/h. For the given wind speed, 
determine (a) the kinetic energy of the air particles entering the 
7.50-m-diameter circle per second, (b) the efficiency of this energy- 
conversion system. Assume p = 1.21 kg/m? for air. 


14.78 For a certain wind speed, the wind turbine-generator shown pro- 
duces 28 kW of electric power and has an efficiency of 0.35 as 
an energy-conversion system. Assuming p = 1.21 kg/m? for air, 
determine (a) the kinetic energy of the air particles entering the 
7.50-m-diameter circle per second, (b) the wind speed. 


14.79 While cruising in level flight at a speed of 570 mi/h, a jet airplane 
scoops in air at a rate of 240 lb/s and discharges it with a velocity 
of 2200 ft/s relative to the airplane. Determine (a) the power actu- 
ally used to propel the airplane, (b) the total power developed by 


the engine, (c) the mechanical efficiency of the airplane. 


Fig. P14.77 and P14.78 14.80 The propeller of a small airplane has a 6-ft-diameter slipstream 


and produces a thrust of 800 Ib when the airplane is at rest on the 
ground. Assuming y = 0.076 Ib/ft® for air, determine (a) the speed 
of the air in the slipstream, (b) the volume of air passing through 
the propeller per second, (c) the kinetic energy imparted per sec- 
ond to the air in the slipstream. 


14.81 Ina Pelton-wheel turbine, a stream of water is deflected by a series 
of blades so that the rate at which water is deflected by the blades 
is equal to the rate at which water issues from the nozzle (Am/At = 
Apva). Using the same notation as in Sample Prob. 14.7, (a) deter- 
mine the velocity V of the blades for which maximum power is 
developed, (b) derive an expression for the maximum power, 
(c) derive an expression for the mechanical efficiency. 


14.82 A circular reentrant orifice (also called Borda’s mouthpiece) of 
diameter D is placed at a depth h below the surface of a tank. 
Knowing that the speed of the issuing stream is v = V2gh and 
assuming that the speed of approach v, is zero, show that the 
diameter of the stream is d = D/\V2. (Hint: Consider the section 

Fig. P14.81 of water indicated, and note that P is equal to the pressure at a 

depth h multiplied by the area of the orifice.) 


h 
a. oa 
ak 


——— 
v1 ' Fig. P14.82 
aS 
dy 
d, | 


*14.83 The depth of water flowing in a rectangular channel of width b at 
a speed v, and a depth d, increases to a depth dz at a hydraulic 
Fig. P14.83 jump. Express the rate of flow Q in terms of b, d), and dy. 


*14.84 Determine the rate of flow in the channel of Prob. 14.83, knowing 


14.85 


14.86 


14.87 


14.88 


that b = 12 ft, d, = 4 ft, and dy = 5 ft. 


Gravel falls with practically zero velocity onto a conveyor belt 
at the constant rate gq = dm/dt. (a) Determine the magnitude 
of the force P required to maintain a constant belt speed v. 
(b) Show that the kinetic energy acquired by the gravel in a 
given time interval is equal to half the work done in that interval 
by the force P. Explain what happens to the other half of the 
work done by P. 
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Fig. P14.85 


A chain of length / and mass m falls through a small hole in a plate. 
Initially, when y is very small, the chain is at rest. In each case 
shown, determine (a) the acceleration of the first link A as a func- 
tion of y, (b) the velocity of the chain as the last link passes through 
the hole. In case 1 assume that the individual links are at rest until 
they fall through the hole; in case 2 assume that at any instant all 
links have the same speed. Ignore the effect of friction. 


ph 


qe “aH 


(1) 
Fig. P14.86 


A chain of length / and mass m lies in a pile on the floor. If its 
end A is raised vertically at a constant speed v, express in terms 
of the length y of chain which is off the floor at any given instant 
(a) the magnitude of the force P applied to A, (b) the reaction of 
the floor. 


Fig. P14.87 


Solve Prob. 14.87, assuming that the chain is being lowered to the 
floor at a constant speed v. 
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Fig. P14.93 


14.89 


14.90 


14.91 


14.92 


14.93 


14.94 


A toy car is propelled by water that squirts from an internal tank 
at a constant 6 ft/s relative to the car. The weight of the empty car 
is 0.4 lb and it holds 2 lb of water. Neglecting other tangential 
forces determine the top speed of the car. 


Fig. P14.89 and P14.90 


A toy car is propelled by water that squirts from an internal tank. 
The weight of the empty car is 0.4 lb and it holds 2 Ib of water. 
Knowing the top speed of the car is 8 ft/s determine the relative 
velocity of the water that is being ejected. 


The main propulsion system of a space shuttle consists of three 
identical rocket engines, each of which burns the hydrogen-oxygen 
propellant at the rate of 340 kg/s and ejects it with a relative veloc- 
ity of 3750 m/s. Determine the total thrust provided by the three 
engines, 


Fig. P14.91 and P14.92 


The main propulsion system of a space shuttle consists of three 
identical rocket engines which provide a total thrust of 6 MN. 
Determine the rate at which the hydrogen-oxygen propellant is 
burned by each of the three engines, knowing that it is ejected 
with a relative velocity of 3750 m/s. 


A space vehicle describing a circular orbit about the earth at a 
speed of 24 X 10° km/h releases at its front end a capsule which 
has a gross mass of 600 kg, including 400 kg of fuel. If the fuel is 
consumed at the rate of 18 kg/s and ejected with a relative velocity 
of 3000 m/s, determine (a) the tangential acceleration of the cap- 
sule as its engine is fired, (b) the maximum speed attained by the 
capsule. 


A rocket has a mass of 1200 kg, including 1000 kg of fuel, which 
is consumed at a rate of 12.5 kg/s and ejected with a relative veloc- 
ity of 4000 m/s. Knowing that the rocket is fired vertically from 
the ground, determine its acceleration (a) as it is fired, (b) as the 
last particle of fuel is being consumed. 


14.95 A communication satellite weighing 10,000 lb, including fuel, has Problems QQ3 
been ejected from a space shuttle describing a low circular orbit 
around the earth. After the satellite has slowly drifted to a safe 
distance from the shuttle, its engine is fired to increase its veloc- 
ity by 8000 ft/s as a first step to its transfer to a geosynchronous 
orbit. Knowing that the fuel is ejected with a relative velocity of 
13,750 ft/s, determine the weight of fuel consumed in this 
maneuver. 


14.96 Determine the increase in velocity of the communication satellite 
of Prob. 14.95 after 2500 lb of fuel has been consumed. 


14.97 A 540-kg spacecraft is mounted on top of a rocket with a mass of 
19 Mg, including 17.8 Mg of fuel. Knowing that the fuel is con- 
sumed at a rate of 225 kg/s and ejected with a relative velocity of 
3600 m/s, determine the maximum speed imparted to the space- 
craft if the rocket is fired vertically from the ground. 


Fig. P14.95 


Fig. P14.97 Fig. P14.98 


14.98 The rocket used to launch the 540-kg spacecraft of Prob. 14.97 
is redesigned to include two stages A and B, each of mass 9.5 Mg, 
including 8.9 Mg of fuel. The fuel is again consumed at a rate 
of 225 kg/s and ejected with a relative velocity of 3600 m/s. 
Knowing that when stage A expels its last particle of fuel, its 
casing is released and jettisoned, determine (a) the speed of the 
rocket at that instant, (b) the maximum speed imparted to the 
spacecraft. 


14.99 Determine the altitude reached by the spacecraft of Prob. 14.97 
when all the fuel of its launching rocket has been consumed. 


14.100 For the spacecraft and the two-stage launching rocket of Prob. 
14.98, determine the altitude at which (a) stage A of the rocket is 
released, (b) the fuel of both stages has been consumed. 


14.101 Determine the distance separating the communication satellite of 
Prob. 14.95 from the space shuttle 60 s after its engine has been 
fired, knowing that the fuel is consumed at a rate of 37.5 b/s. 


QOA Systems of Particles 14.102 For the rocket of Prob. 14.94, determine (a) the altitude at which 
all of the fuel has been consumed, (b) the velocity of the rocket at 
this time. 


14.103 In a jet airplane, the kinetic energy imparted to the exhaust gases 
is wasted as far as propelling the airplane is concerned. The useful 
power is equal to the product of the force available to propel the 
airplane and the speed of the airplane. If v is the speed of the 
airplane and wu is the relative speed of the expelled gases, show 
that the mechanical efficiency of the airplane is 7 = 2v/(u + v). 
Explain why 7 = 1 when u = v. 


14.104 In a rocket, the kinetic energy imparted to the consumed and 
ejected fuel is wasted as far as propelling the rocket is concerned. 
The useful power is equal to the product of the force available to 
propel the rocket and the speed of the rocket. If v is the speed of 
the rocket and wu is the relative speed of the expelled fuel, show 
that the mechanical efficiency of the rocket is 7 = Quvi(u* + v”). 
Explain why 7 = 1 when u = v. 


REVIEW AND SUMMARY 


In this chapter we analyzed the motion of systems of particles, i.e., 
the motion of a large number of particles considered together. In the 
first part of the chapter we considered systems consisting of well- 
defined particles, while in the second part we analyzed systems 
which are continually gaining or losing particles, or doing both at the 
same time. 


We first defined the effective force of a particle P; of a given system Effective forces 
as the product m,a; of its mass m, and its acceleration a; with respect 

to a newtonian frame of reference centered at O [Sec. 14.2]. We 

then showed that the system of the external forces acting on the 

particles and the system of the effective forces of the particles are 

equipollent; i.e., both systems have the same resultant and the same 

moment resultant about O: 


> F, = > ma; (14.4) 


(xr; X F;) = > (x; X mj,a;) (14.5) 


Defining the linear momentum L and the angular momentum Hg Linear and angular momentum 


about point O of the system of particles [Sec. 14.3] as of a system of particles 
L= » MV; Ho = SS (x; x MN;) (14.6, 14.7) 
i=1 i=1 


we showed that Eqs. (14.4) and (14.5) can be replaced by the 


equations 

SF=L Mo =Ho (14.10, 14.11) 
which express that the resultant and the moment resultant about O 
of the external forces are, respectively, equal to the rates of change 


of the linear momentum and of the angular momentum about O of 
the system of particles. 


In Sec. 14.4, we defined the mass center of a system of particles as Motion of the mass center 


the point G whose position vector Fr satisfies the equation of a system of particles 
n 
mr = s m7; (14.12) 
i=1 
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Angular momentum of a system 
of particles about its mass center 


Conservation of momentum 


Kinetic energy of a system 
of particles 


n 
where m represents the total mass > m, of the particles. Differ- 
i=1 
entiating both members of Eq. (14.12) twice with respect to t, we 
obtained the relations 


L=mv L=ma (14.14, 14.15) 


where v and a represent, respectively, the velocity and the accelera- 
tion of the mass center G. Substituting for L from (14.15) into 
(14.10), we obtained the equation 


=F = ma (14.16) 


from which we concluded that the mass center of a system of parti- 
cles moves as if the entire mass of the system and all the external 
forces were concentrated at that point [Sample Prob. 14.1]. 


In Sec. 14.5 we considered the motion of the particles of a system 
with respect to a centroidal frame Gx'y’z' attached to the mass cen- 
ter G of the system and in translation with respect to the newtonian 
frame Oxyz (Fig. 14.14). We defined the angular momentum of the 
system about its mass center G as the sum of the moments about G 
of the momenta m,v; of the particles in their motion relative to the 
frame Gx'y'z'. We also noted that the same result can be obtained 
by considering the moments about G of the momenta mj; of the 
particles in their absolute motion. We therefore wrote 


n n 


Hg = », (xr; X myv;) = Ss (x, X m,v1) (14.24) 


i=1 i=1 
and derived the relation 
=Mc — H, (14.23) 


which expresses that the moment resultant about G of the external 
forces is equal to the rate of change of the angular momentum about 
G of the system of particles. As will be seen later, this relation is 
fundamental to the study of the motion of rigid bodies. 


When no external force acts on a system of particles [Sec. 14.6], it 
follows from Eqs. (14.10) and (14.11) that the linear momentum L 
and the angular momentum Hp of the system are conserved [Sample 
Probs. 14.2 and 14.3]. In problems involving central forces, the angu- 
lar momentum of the system about the center of force O will also 
be conserved. 


The kinetic energy T of a system of particles was defined as the sum 
of the kinetic energies of the particles [Sec. 14.7]: 


1 n ; 
T= 3 > Mv; (14.28) 


Using the centroidal frame of reference Gx'y’z’ of Fig. 14.14, we 
noted that the kinetic energy of the system can also be obtained by add- 
ing the kinetic energy 3mv” associated with the motion of the mass 
center G and the kinetic energy of the system in its motion relative 
to the frame Gx'y’z": 


; 1 n 5 
T = gm" + >>) mor (14.29) 
i=l] 


a 
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The principle of work and energy can be applied to a system of Principle of work and energy 


particles as well as to individual particles [Sec. 14.8]. We wrote 
T, So Ui. _ To (14.30) 


and noted that U,_,. represents the work of all the forces acting on 
the particles of the system, internal as well as external. 


If all the forces acting on the particles of the system are conservative, 
we can determine the potential energy V of the system and write 


LVS he (14.31) 


which expresses the principle of conservation of energy for a system 
of particles. 


We saw in Sec. 14.9 that the principle of impulse and momentum for 
a system of particles can be expressed graphically as shown in 
Fig. 14.15. It states that the momenta of the particles at time ¢; and the 
impulses of the external forces from ft, to tz form a system of vectors 
equipollent to the system of the momenta of the particles at time fg. 


y y 


(mava) 


(mpvg)y 


je) 
# 
ie) 
a 


(mevc)1 
(a) (b) 
Fig. 14.15 


If no external force acts on the particles of the system, the 
systems of momenta shown in parts a and c of Fig. 14.15 are equi- 
pollent and we have 


L, = L, (Ho); = (Ho)2 (14.36, 14.37) 


J + [he 


Conservation of energy 


Principle of impulse and momentum 


(maVa)o 


(mpvg)a 


x 


(meve)a 


Many problems involving the motion of systems of particles can Use of conservation principles in 
be solved by applying simultaneously the principle of impulse and the solution of problems involving 
systems of particles 


momentum and the principle of conservation of energy [Sample 
Prob. 14.4] or by expressing that the linear momentum, angular 
momentum, and energy of the system are conserved [Sample 
Prob. 14.5]. 
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Variable systems of particles 
Steady stream of particles 


Systems gaining or losing mass 


In the second part of the chapter, we considered variable systems of 
particles. First we considered a steady stream of particles, such as a 
stream of water diverted by a fixed vane or the flow of air through a 
jet engine [Sec. 14.11]. Applying the principle of impulse and momen- 
tum to a system S of particles during a time interval At, and including 
the particles which enter the system at A during that time interval 
and those (of the same mass Am) which leave the system at B, we 
concluded that the system formed by the momentum (Am)v, of the 
particles entering S in the time At and the impulses of the forces 
exerted on S during that time is equipollent to the momentum (Am)vzg 
of the particles leaving S in the same time At (Fig. 14.16). Equating 


(Am)vp 


(a) (b) (c) 
Fig. 14.16 


the x components, y components, and moments about a fixed point 
of the vectors involved, we could obtain as many as three equations, 
which could be solved for the desired unknowns [Sample Probs. 14.6 
and 14.7]. From this result, we could also derive the following expres- 
sion for the resultant =F of the forces exerted on S, 
=F = ce — vy) (14.39) 
dt 

where vg — va represents the difference between the vectors vz and 
v4 and where dm/dt is the mass rate of flow of the stream (see foot- 
note, page 886). 


Considering next a system of particles gaining mass by continually 
absorbing particles or losing mass by continually expelling particles 
[Sec. 14.12], as in the case of a rocket, we applied the principle of 
impulse and momentum to the system during a time interval At, being 
careful to include the particles gained or lost during that time interval 
[Sample Prob. 14.8]. We also noted that the action on a system S of 
the particles being absorbed by S was equivalent to a thrust 


P= — (14.44) 


where dm/dt is the rate at which mass is being absorbed, and u is the 
velocity of the particles relative to S. In the case of particles being 
expelled by S, the rate dm/dt is negative and the thrust P is exerted in 
a direction opposite to that in which the particles are being expelled. 


REVIEW PROBLEMS 


14.105 A 30-g bullet is fired with a velocity of 480 m/s into block A, which 
has a mass of 5 kg. The coefficient of kinetic friction between block 
A and cart BC is 0.50. Knowing that the cart has a mass of 4 kg 
and can roll freely, determine (a) the final velocity of the cart and 
block, (b) the final position of the block on the cart. 


14.106 An 80-Mg railroad engine A coasting at 6.5 km/h strikes a 20-Mg | 
flatcar C carrying a 30-Mg load B which can slide along the floor of Fig. P14.105 
the car (uw, = 0.25). Knowing that the car was at rest with its brakes 
released and that it automatically coupled with the engine upon 
impact, determine the velocity of the car (a) immediately after 
impact, (b) after the load has slid to a stop relative to the car. 


Fig. P14.106 


14.107 Three identical freight cars have the velocities indicated. Assuming 
that car B is first hit by car A, determine the velocity of each car 
after all the collisions have taken place if (a) all three cars get 
automatically coupled, (b) cars A and B get automatically coupled 
while cars B and C bounce off each other with a coefficient of 
restitution e = 0.8. 


va =6 mi/h Vg= vo =4.8 mi/h 
a a 
B 


Hil 


TTT ; 
( Bee ) § 


Fig. P14.107 


14.108 A 9000-lb helicopter A was traveling due east in level flight at a 
speed of 75 mi/h and at an altitude of 2500 ft when it was hit by a 
12,000-Ib helicopter B. As a result of the collision, both helicopters 
lost their lift, and their entangled wreckage fell to the ground in 12 s 
at a point located 1500 ft east and 384 ft south of the point of 
impact. Neglecting air resistance, determine the velocity compo- 
nents of helicopter B just before the collision. 
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910 Systems of Particles 14.109 A 15-Ib block B is at rest and a spring of constant k = 72 lb/in is 


14.110 


Yo 14.111 


| 14.112 
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Fig. P14.111 


held compressed 3 in. by a cord. After 5-lb block A is placed 
against the end of the spring the cord is cut causing A and B to 
move. Neglecting friction, determine the velocities of blocks A and 
B immediately after A leaves B. 


Fig. P14.109 


A 9-kg block B starts from rest and slides down the inclined surface 
of a 15-kg wedge A which is supported by a horizontal surface. 
Neglecting friction, determine (a) the velocity of B relative to A after 
it has slid 0.6 m down the surface of the wedge, (b) the corresponding 
velocity of the wedge. 


A mass q of sand is discharged per unit time from a conveyor belt 
moving with a velocity vp. The sand is deflected by a plate at A so 
that it falls in a vertical stream. After falling a distance h the sand 
is again deflected by a curved plate at B. Neglecting the friction 
between the sand and the plates, determine the force required to 


hold in the position shown (a) plate A, (b) plate B. 


The final component of a conveyor system receives sand at a rate 
of 100 kg/s at A and discharges it at B. The sand is moving hori- 
zontally at A and B with a velocity of magnitude v4 = vg = 4.5 m/s. 
Knowing that the combined weight of the component and of 
the sand it supports is W = 4 kN, determine the reactions at C 
and D. 


Fig. P14.112 


14.113 


14.114 


14.115 


14.116 


A garden sprinkler has four rotating arms, each of which consists of 
two horizontal straight sections of pipe forming an angle of 120° with 
each other. Each arm discharges water at a rate of 20 L/min with a 
velocity of 18 m/s relative to the arm. Knowing that the friction 
between the moving and stationary parts of the sprinkler is equiva- 
lent to a couple of magnitude M = 0.375 N - m, determine the con- 
stant rate at which the sprinkler rotates. 


100 
ae 150 mm 


mae 


Fig. P14.113 


The ends of a chain lie in piles at A and C. When given an initial 
speed v, the chain keeps moving freely at that speed over the pulley 
at B. Neglecting friction, determine the required value of h. 


A railroad car of length L and mass mp when empty is moving 
freely on a horizontal track while being loaded with sand from a 
stationary chute at a rate dm/dt = q. Knowing that the car was 
approaching the chute at a speed vo, determine (a) the mass of the 
car and its load after the car has cleared the chute, (b) the speed 
of the car at that time. 


A possible method for reducing the speed of a training plane as it 
lands on an aircraft carrier consists in having the tail of the plane 
hook into the end of a heavy chain of length / which lies in a pile 
below deck. Denoting by m the mass of the plane and by wo its 
speed at touchdown, and assuming no other retarding force, deter- 
mine (a) the required mass of the chain if the speed of the plane 
is to be reduced to Bup, where B < 1, (b) the maximum value of 
the force exerted by the chain on the plane. 


Fig. P14.116 


Review Problems 91 ] 


Fig. P14.114 


Fig. P14.115 


COMPUTER PROBLEMS 


14.€1 A man and a woman, of weights W,,, and W,,, stand at opposite 
ends of a stationary boat of weight W,,, ready to dive with velocities v,, and 
v,, respectively, relative to the boat. Use computational software to deter- 
mine the velocity of the boat after both swimmers have dived if (a) the 
woman dives first, (b) the man dives first. Use this program first to solve 
Prob. 14.4 as originally stated, then to solve that problem assuming that 
the velocities of the woman and the man relative to the boat are, respec- 
tively, (i) 14 ft/s and 18 ft/s, (ii) 18 ft/s and 14 ft/s. 


14.€2 A system of particles consists of n particles A; of mass m; and 

Fig. P14.C1 coordinates x;, y;, and z;, having velocities of components (v,);, (v,);, and (v-);. 
Derive expressions for the components of the angular momentum of the 
system about the origin O of the coordinates. Use computational software 
to solve Probs. 14.9 and 14.13. 


14.€3 A shell moving with a velocity of known components v,, v,, and v, 
explodes into three fragments of weights W,, Ws, and Ws at point Ap at a dis- 
tance d from a vertical wall. Use computational software to determine the 
speed of each fragment immediately after the explosion, knowing the coordi- 
nates x; and y; of the points A; (i = 1, 2, 3) where the fragments hit the wall. 
Use this program to solve (a) Prob. 14.25, (b) Prob. 14.26. 


y 


Fig. P14.C3 
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14.€4 As a 6000-kg training plane lands on an aircraft carrier at a speed 
of 180 km/h, its tail hooks into the end of an 80-m long chain which lies in 
a pile below deck. Knowing that the chain has a mass per unit length of 
50 kg/m and assuming no other retarding force, use computational software 
to determine the distance traveled by the plane while the chain is being 
pulled out and the corresponding values of the time and of the velocity and 
deceleration of the plane. 


Fig. P14.C4 


14.C5 A 16-Mg jet airplane maintains a constant speed of 774 km/h while 
climbing at an angle a = 18°. The airplane scoops in air at a rate of 300 
kg/s and discharges it with a velocity of 665 m/s relative to the airplane. 
Knowing that the pilot changes the angle of climb @ while maintaining the 
same engine setting, use computational software to calculate and plot values 
of a from 0 to 20° (a) the initial acceleration of the plane, (b) the maximum 
speed that will be attained. Assume that the drag due to air friction is pro- 
portional to the square of the speed. 


14.€6 A rocket has a weight of 2400 Ib, including 2000 Ib of fuel, which 
is consumed at the rate of 25 Ib/s and ejected with a relative velocity of 
12,000 ft/s. Knowing that the rocket is fired vertically from the ground, 
assuming a constant value for the acceleration of gravity, and using 4-s time 
intervals, use computational software to determine and plot from the time of 
ignition to the time when the last particle of fuel is being consumed (a) the 
acceleration a of the rocket in ft/s”, (b) its velocity v in ft/s, (c) its elevation h 
above the ground in miles. (Hint: Use for v the expression derived in Sample 
Prob. 14.8, and integrate this expression analytically to obtain h.) 


Fig. P14.C5 
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This huge crank belongs to a 
Wartsila-Sulzer RTA96-C turbocharged 
two-stroke diesel engine. In this chapter 
you will learn to perform the kinematic 
analysis of rigid bodies that undergo 
translation, fixed axis rotation, and 


general plane motion. 
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15.1 


(a) Curvilinear translation 


Fig. 15.4 


INTRODUCTION 


In this chapter, the kinematics of rigid bodies will be considered. You 
will investigate the relations existing between the time, the positions, 
the velocities, and the accelerations of the various particles forming 
a rigid body. As you will see, the various types of rigid-body motion 
can be conveniently grouped as follows: 


Fig. 15.1 


. Translation. A motion is said to be a translation if any straight 


line inside the body keeps the same direction during the motion. 
It can also be observed that in a translation all the particles 
forming the body move along parallel paths. If these paths are 
straight lines, the motion is said to be a rectilinear translation 
(Fig. 15.1); if the paths are curved lines, the motion is a curvi- 
linear translation (Fig. 15.2). 


. Rotation about a Fixed Axis. In this motion, the particles form- 


ing the rigid body move in parallel planes along circles centered 
on the same fixed axis (Fig. 15.3). If this axis, called the axis of 
rotation, intersects the rigid body, the particles located on the 
axis have zero velocity and zero acceleration. 

Rotation should not be confused with certain types of cur- 
vilinear translation. For example, the plate shown in Fig. 15.4a 
is in curvilinear translation, with all its particles moving along 
parallel circles, while the plate shown in Fig. 15.4b is in rota- 
tion, with all its particles moving along concentric circles. 


(b) Rotation 


In the first case, any given straight line drawn on the plate 
will maintain the same direction, whereas in the second case, 
point O remains fixed. 

Because each particle moves in a given plane, the rotation 
of a body about a fixed axis is said to be a plane motion. 

3. General Plane Motion. There are many other types of plane 
motion, i.e., motions in which all the particles of the body move 
in parallel planes. Any plane motion which is neither a rotation 
nor a translation is referred to as a general plane motion. Two 
examples of general plane motion are given in Fig. 15.5. 


(a) Rolling wheel (b) Sliding rod 
Fig. 15.5 


4. Motion about a Fixed Point. The three-dimensional motion of 
a rigid body attached at a fixed point O, e.g., the motion of a 
top on a rough floor (Fig. 15.6), is known as motion about a 
fixed point. 

5. General Motion. Any motion of a rigid body which does not 
fallin any of the categories above is referred to as a general 
motion. 


After a brief discussion in Sec. 15.2 of the motion of translation, 
the rotation of a rigid body about a fixed axis is considered in Sec. 
15.3. The angular velocity and the angular acceleration of a rigid 
body about a fixed axis will be defined, and you will learn to express 
the velocity and the acceleration of a given point of the body in terms 
of its position vector and the angular velocity and angular accelera- 
tion of the body. 

The following sections are devoted to the study of the general 
plane motion of a rigid body and to its application to the analysis of 
mechanisms such as gears, connecting rods, and pin-connected link- 
ages. Resolving the plane motion of a slab into a translation and a 
rotation (Secs. 15.5 and 15.6), we will then express the velocity of a 
point B of the slab as the sum of the velocity of a reference point A 
and of the velocity of B relative to a frame of reference translating 
with A (i.e., moving with A but not rotating). The same approach is 
used later in Sec. 15.8 to express the acceleration of B in terms of 
the acceleration of A and of the acceleration of B relative to a frame 
translating with A. 


15.1 Introduction 


Fig. 15.6 
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Photo 15.1 This replica of a battering ram at 
Chateau des Baux, France undergoes curvilinear 
translation. 


An alternative method for the analysis of velocities in plane 
motion, based on the concept of instantaneous center of rotation, is 
given in Sec. 15.7; and still another method of analysis, based on the 
use of parametric expressions for the coordinates of a given point, is 
presented in Sec. 15.9. 

The motion of a particle relative to a rotating frame of refer- 
ence and the concept of Coriolis acceleration are discussed in Secs. 
15.10 and 15.11, and the results obtained are applied to the analysis 
of the plane motion of mechanisms containing parts which slide on 
each other. 

The remaining part of the chapter is devoted to the analysis of 
the three-dimensional motion of a rigid body, namely, the motion of 
a rigid body with a fixed point and the general motion of a rigid body. 
In Secs. 15.12 and 15.13, a fixed frame of reference or a frame of 
reference in translation will be used to carry out this analysis; in Secs. 
15.14 and 15.15, the motion of the body relative to a rotating frame 
or to a frame in general motion will be considered, and the concept 
of Coriolis acceleration will again be used. 


15.2 TRANSLATION 


Consider a rigid body in translation (either rectilinear or curvilinear 
translation), and let A and B be any two of its particles (Fig. 15.7a). 
Denoting, respectively, by rq and rz the position vectors of A and B 
with respect to a fixed frame of reference and by rg, the vector 
joining A and B, we write 


rp — Ya + TBA (15.1) 
Let us differentiate this relation with respect to t. We note that from 


the very definition of a translation, the vector rg;, must maintain a 
constant direction; its magnitude must also be constant, since A and B 


belong to the same rigid body. Thus, the derivative of rgj, is zero 
and we have 


Vp VA (15.2) 
Differentiating once more, we write 
agp aq (15.3) 


Thus, when a rigid body is in translation, all the points of the 
body have the same velocity and the same acceleration at any given 
instant (Fig. 15.7b and c). In the case of curvilinear translation, the 
velocity and acceleration change in direction as well as in magnitude 
at every instant. In the case of rectilinear translation, all particles of 
the body move along parallel straight lines, and their velocity and 
acceleration keep the same direction during the entire motion. 


15.3 ROTATION ABOUT A FIXED AXIS 


Consider a rigid body which rotates about a fixed axis AA’. Let P be 
a point of the body and r its position vector with respect to a fixed 
frame of reference. For convenience, let us assume that the frame is 
centered at point O on AA’ and that the < axis coincides with AA’ 
(Fig. 15.8). Let B be the projection of P on AA’; since P must remain 
at a constant distance from B, it will describe a circle of center B and 
of radius r sin @, where ¢ denotes the angle formed by r and AA’. 

The position of P and of the entire body is completely defined 
by the angle @ the line BP forms with the zx plane. The angle @ is 
known as the angular coordinate of the body and is defined as posi- 
tive when viewed as counterclockwise from A’. The angular coordi- 
nate will be expressed in radians (rad) or, occasionally, in degrees (°) 
or revolutions (rev). We recall that 


l rev = 27 rad = 360° 


We recall from Sec. 11.9 that the velocity v = dr/dt of a particle 
P is a vector tangent to the path of P and of magnitude v = ds/dt. 
Observing that the length As of the arc described by P when the 
body rotates through A@ is 


As = (BP) A@ = (r sin @) AO 


and dividing both members by At, we obtain at the limit, as At 
approaches zero, 


d. : 
v= . = rOsin d (15.4) 
where 6 denotes the time derivative of @. (Note that the angle 6 
depends on the position of P within the body, but the rate of change 
6 is itself independent of P.) We conclude that the velocity v of P is 
a vector perpendicular to the plane containing AA’ and r, and of 
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Photo 15.2 For the central gear rotating about 
a fixed axis, the angular velocity and angular 
acceleration of that gear are vectors directed 
along the vertical axis of rotation. 
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Fig. 15.9 


magnitude v defined by (15.4). But this is precisely the result we 
would obtain if we drew along AA’ a vector w = 6k and formed the 
vector product w X r (Fig. 15.9). We thus write 


(15.5) 


The vector 
@ = ok = 6k (15.6) 


which is directed along the axis of rotation, is called the angular 
velocity of the body and is equal in magnitude to the rate of change 
6 of the angular coordinate; its sense may be obtained by the right- 
hand rule (Sec. 3.6) from the sense of rotation of the body.f 

The acceleration a of the particle P will now be determined. 
Differentiating (15.5) and recalling the rule for the differentiation of 
a vector product (Sec. 11.10), we write 


dv d 

ae gee) 

= OM ys ee 
dt dt 

OO oie an (15.7) 
dt ; 


The vector dw/dt is denoted by @ and is called the angular accelera- 
tion of the body. Substituting also for v from (15.5), we have 


(15.8) 


Differentiating (15.6) and recalling that k is constant in magnitude 
and direction, we have 


a = ak = ok = 6k (15.9) 


Thus, the angular acceleration of a body rotating about a fixed axis 
is a vector directed along the axis of rotation, and is equal in magni- 
tude to the rate of change w of the angular velocity. Returning to 
(15.8), we note that the acceleration of P is the sum of two vectors. 
The first vector is equal to the vector product @ X r; it is tangent 
to the circle described by P and therefore represents the tangential 
component of the acceleration. The second vector is equal to the 
vector triple product w X (w X r) obtained by forming the vector 
product of w and @ X r; since w X ris tangent to the circle described 
by P, the vector triple product is directed toward the center B of 
the circle and therefore represents the normal component of the 
acceleration. 


tIt will be shown in Sec. 15.12 in the more general case of a rigid body rotating 
simultaneously about axes having different directions that angular velocities obey 
the parallelogram law of addition and thus are actually vector quantities. 


Rotation of a Representative Slab. The rotation of a rigid body 
about a fixed axis can be defined by the motion of a representative 
slab in a reference plane perpendicular to the axis of rotation. Let 
us choose the xy plane as the reference plane and assume that it 
coincides with the plane of the figure, with the z axis pointing out 
of the paper (Fig. 15.10). Recalling from (15.6) that w = wk, we 


Fig. 15.10 


note that a positive value of the scalar w corresponds to a counter- 
clockwise rotation of the representative slab, and a negative value to 
a clockwise rotation. Substituting wk for w into Eq. (15.5), we express 
the velocity of any given point P of the slab as 


Since the vectors k and r are mutually perpendicular, the magnitude 


of the velocity v is 


and its direction can be obtained by rotating r through 90° in the 
sense of rotation of the slab. 

Substituting # = wk and a = ak into Eq. (15.8), and observing 
that cross-multiplying r twice by k results in a 180° rotation of the 
vector r, we express the acceleration of point P as 


Resolving a into tangential and normal components (Fig. 15.11), we 
write 


(15.11) 


a,=ak xr a, = ra (15.11’) 


2. = 


2 
a, = —-or dy = TO 


The tangential component a, points in the counterclockwise direc- 
tion if the scalar a is positive, and in the clockwise direction if a is 
negative. The normal component a, always points in the direction 
opposite to that of r, that is, toward O. 


Fig. 15.11 
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Photo 15.3 If the lower roll has a constant 
angular velocity, the speed of the paper being 
wound onto it increases as the radius of the roll 


increases. 


15.4 EQUATIONS DEFINING THE ROTATION OF A 
RIGID BODY ABOUT A FIXED AXIS 


The motion of a rigid body rotating about a fixed axis AA’ is said to 
be known when its angular coordinate @ can be expressed as a known 
function of ¢. In practice, however, the rotation of a rigid body is 
seldom defined by a relation between 6 and t. More often, the condi- 
tions of motion will be specified by the type of angular acceleration 
that the body possesses. For example, a may be given as a function 
of t, as a function of 9, or as a function of w. Recalling the relations 
(15.6) and (15.9), we write 


dé 
oe ie (15.12) 
dw d’6 
(8 Ae ae = dE (15.13) 
or, solving (15.12) for dt and substituting into (15.13), 
a= oe (15.14) 


Since these equations are similar to those obtained in Chap. 11 for 
the rectilinear motion of a particle, their integration can be per- 
formed by following the procedure outlined in Sec. 11.3. 

Two particular cases of rotation are frequently encountered: 


1. Uniform Rotation. This case is characterized by the fact that 
the angular acceleration is zero. The angular velocity is thus 
constant, and the angular coordinate is given by the formula 


2. Uniformly Accelerated Rotation. In this case, the angular accel- 
eration is constant. The following formulas relating angular 
velocity, angular coordinate, and time can then be derived in a 
manner similar to that described in Sec. 11.5. The similarity 
between the formulas derived here and those obtained for 
the rectilinear uniformly accelerated motion of a particle is 
apparent. 


W@W = Wo + at 
wo” = wy + 2a(0 — Oo) 


It should be emphasized that formula (15.15) can be used only when 
a = 0, and formulas (15.16) can be used only when a@ = constant. 
In any other case, the general formulas (15.12) to (15.14) should 
be used. 


(ap), = 48 in./s2 


SAMPLE PROBLEM 15.1 


Load B is connected to a double pulley by one of the two inextensible cables 
shown. The motion of the pulley is controlled by cable C, which has a con- 
stant acceleration of 9 in./s? and an initial velocity of 12 in./s, both directed 
to the right. Determine (a) the number of revolutions executed by the pulley 
in 2 s, (b) the velocity and change in position of the load B after 2 s, and 
(c) the acceleration of point D on the rim of the inner pulley at ¢ = 0. 


SOLUTION 


a. Motion of Pulley. Since the cable is inextensible, the velocity of point 
D is equal to the velocity of point C and the tangential component of the 
acceleration of D is equal to the acceleration of C. 


(vp)o = (Ve)o = 12 in/s > (an) — ae] Os 
Noting that the distance from D to the center of the pulley is 3 in., we write 


(vp)o = Tw 12 in/s = (3 in.) @ = 4 rad/s ) 
(ap); = ra 9 in/s? = (3 ina a = 3 rad/s”) 


Using the equations of uniformly accelerated motion, we obtain, for t = 2 s, 


@ = @ + at = 4 rad/s + (3 rad/s”)(2 s) = 10 rad/s 


@ = 10 rad/s ) 
0 = wot + sat? = (4 rad/s)(2 s) + 3(3 rad/s")(2 s)” = 14 rad 
0 = 14 rad) 


l rev 
2 rad 


Number of revolutions = (14 rad)( ) =223rev <q 


b. Motion of Load B. Using the following relations between linear and 
angular motion, with r = 5 in., we write 


bg = rw = (5 in.)(10 rad/s) = 50 in./s ve = 50in/st <4 
Ayg = r6 = (5 in.)(14 rad) = 70 in. Ayg = 70 in. upward < 
c. Acceleration of Point D at f = 0. The tangential component of the 
acceleration is 
Gps. — 0 as: 

Since, at t = 0, w) = 4 rad/s, the normal component of the acceleration is 
(ap), = Tpwa = (3 in.)(4 rad/s)? = 48 in/s? Gp), = 29 ine? | 
The magnitude and direction of the total acceleration can be obtained by 

writing 
tan @ = (48 in./s”)/(9 in./s”) ob = 79.4° 


dp sin 79.4° = 48 in./s* iy = Sake 
ap = 48.8 in/s’ % 79.4° <4 
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SOLVING IPFROBLEMS 
JN YOUR OWN 


Lt this lesson we began the study of the motion of rigid bodies by considering 
two particular types of motion of rigid bodies: translation and rotation about a 
fixed axis. 


1. Rigid body in translation. At any given instant, all the points of a rigid body 
in translation have the same velocity and the same acceleration (Fig. 15.7). 


2. Rigid body rotating about a fixed axis. The position of a rigid body rotating 
about a fixed axis was defined at any given instant by the angular coordinate 0, 
which is usually measured in radians. Selecting the unit vector k along the fixed 
axis and in such a way that the rotation of the body appears counterclockwise as 
seen from the tip of k, we defined the angular velocity @ and the angular accel- 
eration @ of the body: 


o=6k a= 6k (15.6, 15.9) 


In solving problems, keep in mind that the vectors w and @ are both directed 
along the fixed axis of rotation and that their sense can be obtained by the right- 
hand rule. 

a. The velocity of a point P of a body rotating about a fixed axis was found 
to be 


v=oX%r (15.5) 


where w is the angular velocity of the body and r is the position vector drawn 
from any point on the axis of rotation to point P (Fig. 15.9). 


b. The acceleration of point P was found to be 
a=axXrt+a@ xX (ow Xr) (15.8) 


Since vector products are not commutative, be sure to write the vectors in the 
order shown when using either of the above two equations. 


3. Rotation of a representative slab. In many problems, you will be able to 
reduce the analysis of the rotation of a three-dimensional body about a fixed axis 
to the study of the rotation of a representative slab in a plane perpendicular to 
the fixed axis. The z axis should be directed along the axis of rotation and point 
out of the paper. Thus, the representative slab will be rotating in the xy plane 
about the origin O of the coordinate system (Fig. 15.10). 


To solve problems of this type you should do the following: 

a. Draw a diagram of the representative slab, showing its dimensions, its 
angular velocity and angular acceleration, as well as the vectors representing the 
velocities and accelerations of the points of the slab for which you have or seek 
information. 


b. Relate the rotation of the slab and the motion of points of the slab by 
writing the equations 


v= Tro (15.10’) 
aq, = ra a, = Tw" (15.11’) 


Remember that the velocity v and the component a; of the acceleration of a 
point P of the slab are tangent to the circular path described by P. The directions 
of v and a; are found by rotating the position vector r through 90° in the sense 
indicated by w and a, respectively. The normal component a,, of the acceleration 
of P is always directed toward the axis of rotation. 


4. Equations defining the rotation of a rigid body. You must have been pleased 
to note the similarity existing between the equations defining the rotation of a rigid 
body about a fixed axis [Eqs. (15.12) through (15.16)] and those in Chap. 11 defin- 
ing the rectilinear motion of a particle [Eqs. (11.1) through (11.8)]. All you have 
to do to obtain the new set of equations is to substitute 0, w, and a for x, v, and 
a in the equations of Chap. 11. 
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PROBLEMS 


15.2 


15.3 


15.4 


15.5 


15.6 


15.7 


Fig. P15.7 


15.8 


15.9 


The motion of a cam is defined by the relation 0 =  — 9t? + 15t, 
where 6 is expressed in radians and ¢ in seconds. Determine the 
angular coordinate, the angular velocity, and the angular accelera- 
tion of the cam when (a) t = 0, (b) t = 3s. 


For the cam of Prob. 15.1, determine the time, angular coordinate, 
and angular acceleration when the angular velocity is zero. 


The motion of an oscillating crank is defined by the relation 9 = 
0 sin (wt/T) — (0.5) sin (2 at/T) where 0 is expressed in radians 
and ¢ in seconds. Knowing that 0) = 6 rad and T = 4 s, determine 
the angular coordinate, the angular velocity, and the angular accel- 
eration of the crank when (a) t = 0, (b) t = 2s. 


Solve Prob. 15.4, when t = 1 s. 


The motion of a disk rotating in an oil bath is defined by the relation 
6 = 6(1 — e ““), where @ is expressed in radians and t in seconds. 
Knowing that 0) = 0.40 rad, determine the angular coordinate, 
velocity, and acceleration of the disk when (a) t = 0, (b) t = 3s, 
(c) t = &, 


The angular acceleration of an oscillating disk is defined by the 
relation a = —k@. Determine (a) the value of k for which w = 8 rad/s 
when 6 = 0 and @ = 4 rad when w = 0, (b) the angular velocity 
of the disk when 6 = 3 rad. 


When the power to an electric motor is turned on the motor 
reaches its rated speed of 3300 rpm in 6 s, and when the power 
is turned off the motor coasts to rest in 80 s. Assuming uni- 
formly accelerated motion, determine the number of revolutions 
that the motor executes (a) in reaching its rated speed, (b) in coast- 
ing to rest. 


The rotor of a gas turbine is rotating at a speed of 6900 rpm when 
the turbine is shut down. It is observed that 4 min is required for 
the rotor to coast to rest. Assuming uniformly accelerated motion, 
determine (a) the angular acceleration, (b) the number of revolu- 
tions that the rotor executes before coming to rest. 


The angular acceleration of a shaft is defined by the relation a = 
—0.25w, where a is expressed in rad/s” and @ in rad/s. Knowing 
that at t = 0 the angular velocity of the shaft is 20 rad/s, determine 
(a) the number of revolutions the shaft will execute before coming 
to rest, (b) the time required for the shaft to come to rest, (c) the 
time required for the angular velocity of the shaft to be reduced 
to 1 percent of its initial value. 


15.10 


15.11 


15.12 


15.13 


The assembly shown consists of the straight rod ABC which passes 
through and is welded to the rectangular plate DEFH. The assem- 
bly rotates about the axis AC with a constant angular velocity of 
9 rad/s. Knowing that the motion when viewed from C is counter- 
clockwise, determine the velocity and acceleration of corner F. 


Fig. P15.10 


In Prob. 15.10, determine the acceleration of corner H, assuming 
that the angular velocity is 9 rad/s and decreases at a rate of 
18 rad/s. 


The bent rod ABCDE rotates about a line joining points A and E 
with a constant angular velocity of 9 rad/s. Knowing that the rota- 
tion is clockwise as viewed from E, determine the velocity and 
acceleration of corner C. 


200 mm 


2 


150 mm 


Fig. P15.12 


In Prob. 15.12, determine the velocity and acceleration of corner 
B, assuming that the angular velocity is 9 rad/s and increases at 
the rate of 45 rad/s”. 
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Fig. P15.18, P15.19, and P15.20 


15.14 


15.15 


15.16 


15.17 


15.18 


15.19 


15.20 


A triangular plate and two rectangular plates are welded to each 
other and to the straight rod AB. The entire welded unit rotates 
about axis AB with a constant angular velocity of 5 rad/s. Know- 
ing that at the instant considered the velocity of corner E is 
directed downward, determine the velocity and acceleration of 
corner D. 


Fig. P15.14 


In Prob. 15.14, determine the acceleration of corner D, assuming 
that the angular velocity is 5 rad/s and decreases at the rate of 
20 rad/s”. 


The earth makes one complete revolution on its axis in 23 h 56 min. 
Knowing that the mean radius of the earth is 3960 mi, determine 
the linear velocity and acceleration of a point on the surface of 
the earth (@) at the equator, (b) at Philadelphia, latitude 40° north, 
(c) at the North Pole. 


The earth makes one complete revolution around the sun in 365.24 
days. Assuming that the orbit of the earth is circular and has a 
radius of 93,000,000 mi, determine the velocity and acceleration 
of the earth. 


The circular plate shown is initially at rest. Knowing that r = 
200 mm and that the plate has a constant angular acceleration of 
0.3 rad/s”, determine the magnitude of the total acceleration of 
point B when (a) t = 0, (b)t = 2s, ()t = 4s. 


The angular acceleration of the 600-mm-radius circular plate 
shown is defined by the relation a = age ‘. Knowing that the plate 
is at rest when t = 0 and that ap = 10 rad/s”, determine the mag- 
nitude of the total acceleration of point B when (a) t = 0, (b) t = 
0.5 s, (c)t = ©. 


The 250-mm-radius circular plate shown is initially at rest and has 
an angular acceleration defined by the relation a = ap cos (zt/T). 
Knowing that T = 1.5 s and ay = 10 rad/s”, determine the mag- 
nitude of the total acceleration of point B when (a) t = 0, (b) t = 
0.5 s, (c) t = 0.75 s. 


15.21 


15.22 


15.23 


15.24 


A series of small machine components being moved by a conveyor 
belt pass over a 6-in.-radius idler pulley. At the instant shown, the 
velocity of point A is 15 in./s to the left and its acceleration is 9 in/s* 
to the right. Determine (a) the angular velocity and angular accel- 
eration of the idler pulley, (b) the total acceleration of the machine 
component at B. 


Fig. P15.21 and P15.22 


A series of small machine components being moved by a conveyor 
belt pass over a 6-in.-radius idler pulley. At the instant shown, 
the angular velocity of the idler pulley is 4 rad/s clockwise. 
Determine the angular acceleration of the pulley for which the 
magnitude of the total acceleration of the machine component at 
B is 120 in./s”. 


The belt sander shown is initially at rest. If the driving drum B 
has a constant angular acceleration of 120 rad/s” counterclockwise, 
determine the magnitude of the acceleration of the belt at point 
C when (a) t = 0.5 s, (b) t = 2s. 


Fig. P15.23 and P15.24 


The rated speed of drum B of the belt sander shown is 2400 rpm. 
When the power is turned off, it is observed that the sander 
coasts from its rated speed to rest in 10 s. Assuming uniformly 
decelerated motion, determine the velocity and acceleration of 
point C of the belt, (a) immediately before the power is turned off, 
(b) 9 s later. 


Problems 929 


930 Kinematics of Rigid Bodies 


Fig. P15.25 


Fig. P15.28 and P15.29 


15.25 


15.27 


15.28 


15.29 


Ring C has an inside radius of 55 mm and an outside radius of 
60 mm and is positioned between two wheels A and B, each of 
24-mm outside radius. Knowing that wheel A rotates with a 
constant angular velocity of 300 rpm and that no slipping occurs, 
determine (a) the angular velocity of the ring C and of wheel B, 
(b) the acceleration of the points A and B which are in contact 
with C. 


Ring B has an inside radius ry and hangs from the horizontal shaft 
A as shown. Knowing that shaft A rotates with a constant angular 
velocity w, and that no slipping occurs, derive a relation in terms 
of 1), ra, 73, and wy, for (a) the angular velocity of ring B, (b) the 
accelerations of the points of shaft A and ring B which are in 
contact. 


Fig. P15.26 and P15.27 


Ring B has an inside radius ry and hangs from the horizontal shaft 
A as shown. Shaft A rotates with a constant angular velocity of 
25 rad/s and no slipping occurs. Knowing that r} = 12 mm, rp = 
30 mm, and r; = 40 mm, determine (@) the angular velocity of 
ring B, (b) the accelerations of the points of shaft A and ring B 
which are in contact, (c) the magnitude of the acceleration of a 
point on the outside surface of ring B. 


Cylinder A is moving downward with a velocity of 9 ft/s when the 
brake is suddenly applied to the drum. Knowing that the cylinder 
moves 18 ft downward before coming to rest and assuming uniformly 
accelerated motion, determine (a) the angular acceleration of the 
drum, (b) the time required for the cylinder to come to rest. 


The system shown is held at rest by the brake-and-drum system. 
After the brake is partially released at t = 0, it is observed that 
the cylinder moves 16 ft in 5 s. Assuming uniformly accelerated 
motion, determine (a) the angular acceleration of the drum, 
(b) the angular velocity of the drum at t = 4s. 


15.30 


15.31 


15.32 


15.33 


15.35 


A pulley and two loads are connected by inextensible cords as 
shown. Load A has a constant acceleration of 300 mm/s? and an 
initial velocity of 240 mm/s, both directed upward. Determine 
(a) the number of revolutions executed by the pulley in 3 s, (6) the 
velocity and position of load B after 3 s, (c) the acceleration of point 
D on the rim of the pulley at t = 0. 


A pulley and two loads are connected by inextensible cords as 
shown. The pulley starts from rest at t = 0 and is accelerated at 
the uniform rate of 2.4 rad/s? clockwise. At t = 4 s, determine the 
velocity and position (a) of load A, (b) of load B. 


Disk B is at rest when it is brought into contact with disk A which 
is rotating freely at 450 rpm clockwise. After 6 s of slippage, during 
which each disk has a constant angular acceleration, disk A reaches 
a final angular velocity of 140 rpm clockwise. Determine the angu- 
lar acceleration of each disk during the period of slippage. 


Fig. P15.32 and P15.33 


and 15.34 A simple friction drive consists of two disks A and 
B. Initially, disk A has a clockwise angular velocity of 500 rpm and 
disk B is at rest. It is known that disk A will coast to rest in 60 s. 
However, rather than waiting until both disks are at rest to bring 
them together, disk B is given a constant angular acceleration of 
2.5 rad/s” counterclockwise. Determine (a) at what time the disks 
can be brought together if they are not to slip, (b) the angular veloc- 
ity of each disk as contact is made. 


Two friction disks A and B are both rotating freely at 240 rpm 
counterclockwise when they are brought into contact. After 8 s of 
slippage, during which each disk has a constant angular accelera- 
tion, disk A reaches a final angular velocity of 60 rpm counter- 
clockwise. Determine (a) the angular acceleration of each disk 
during the period of slippage, (b) the time at which the angular 
velocity of disk B is equal to zero. 


Fig. P15.30 and P15.31 


Fig. P15.34 and P15.35 
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Fig. P15.37 


Plane motion 


Fig. 15.12 


*15.36 In a continuous printing process, paper is drawn into the presses 
at a constant speed v. Denoting by r the radius of the paper roll 
at any given time and by b the thickness of the paper, derive an 
expression for the angular acceleration of the paper roll. 


Fig. P15.36 


*15.37 Television recording tape is being rewound on a VCR reel which 
rotates with a constant angular velocity wo. Denoting by r the 
radius of the reel and tape at any given time and by b the thickness 
of the tape, derive an expression for the acceleration of the tape 
as it approaches the reel. 


15.5 GENERAL PLANE MOTION 


As indicated in Sec. 15.1, we understand by general plane motion a 
plane motion which is neither a translation nor a rotation. As you 
will presently see, however, a general plane motion can always be 
considered as the sum of a translation and a rotation. 

Consider, for example, a wheel rolling on a straight track 
(Fig. 15.12). Over a certain interval of time, two given points A and B 
will have moved, respectively, from A; to Ag and from B, to By. The 
same result could be obtained through a translation which would 
bring A and B into A, and Bj (the line AB remaining vertical), fol- 
lowed by a rotation about A bringing B into By. Although the original 
rolling motion differs from the combination of translation and rota- 
tion when these motions are taken in succession, the original motion 
can be exactly duplicated by a combination of simultaneous transla- 
tion and rotation. 


BY 


= Translation with A + Rotation about A 
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A\/-—|Ag 


Ai-—>1 Ae 
Plane motion = Translation with A + Rotation about A 


(a) 


Plane motion = Translation with B + Rotation about B 


(b) 
Fig. 15.13 


Another example of plane motion is given in Fig. 15.13, which 
represents a rod whose extremities slide along a horizontal and a verti- 
cal track, respectively. This motion can be replaced by a translation in 
a horizontal direction and a rotation about A (Fig. 15.13a) or by a 
translation in a vertical direction and a rotation about B (Fig. 15.13b). 

In the general case of plane motion, we will consider a small 
displacement which brings two particles A and B of a representative 
slab, respectively, from A, and B, into Ag and By (Fig. 15.14). This 
displacement can be divided into two parts: in one, the particles 
move into A, and B{ while the line AB maintains the same direction; 
in the other, B moves into Bz while A remains fixed. The first part 
of the motion is clearly a translation and the second part a rotation 
about A. 

Recalling from Sec. 11.12 the definition of the relative motion 
of a particle with respect to a moving frame of reference—as opposed 
to its absolute motion with respect to a fixed frame of reference—we 
can restate as follows the result obtained above: Given two particles 
A and B of a rigid slab in plane motion, the relative motion of B with 
respect to a frame attached to A and of fixed orientation is a rotation. 
To an observer moving with A but not rotating, particle B will appear 
to describe an arc of circle centered at A. 


Fig. 15.14 


DSA. ‘Hoemotice or Mig eoaies 15.6 ABSOLUTE AND RELATIVE VELOCITY 
IN PLANE MOTION 


We saw in the preceding section that any plane motion of a slab can 
be replaced by a translation defined by the motion of an arbitrary 
reference point A and a simultaneous rotation about A. The absolute 
velocity vg of a particle B of the slab is obtained from the relative- 
velocity formula derived in Sec. 11.12, 


Va = Va + VB/A (15.17) 


where the right-hand member represents a vector sum. The velocity 
v4 corresponds to the translation of the slab with A, while the relative 
velocity vg/, is associated with the rotation of the slab about A and 

, ee is measured with respect to axes centered at A and of fixed orienta- 
to high reduction ratios with minimum space and ; Fic, 15.15 nah i, ys fs lati 
weight; The: swall gears uidergo general plane 00 (Fig. 15.15). Denoting by rp/a the position vector o B relative 
ination: to A, and by wk the angular velocity of the slab with respect to axes 
of fixed orientation, we have from (15.10) and (15.10’) 


Photo 15.4 Planetary gear systems are used 


VB/A ok X TBA Up/A — To (15.18) 
VB/A 
VA VB 
Plane motion = Translation with A + Rotation about A Vp =VatVpya 


Fig. 15.15 


where r is the distance from A to B. Substituting for vg, from (15.18) 
into (15.17), we can also write 


Vp — VA + wk X VBA (15.17') 


As an example, let us again consider the rod AB of Fig, 15.13. 
Assuming that the velocity v, of end A is known, we propose to find 
the velocity vg of end B and the angular velocity @ of the rod, in terms 
of the velocity vy, the length /, and the angle 6. Choosing A as a refer- 
ence point, we express that the given motion is equivalent to a transla- 
tion with A and a simultaneous rotation about A (Fig. 15.16). The 
absolute velocity of B must therefore be equal to the vector sum 


Vp — VA + VB/A (15.17) 


We note that while the direction of vg), is known, its magnitude lw 
is unknown. However, this is compensated for by the fact that the 
direction of vg is known. We can therefore complete the diagram of 
Fig. 15.16. Solving for the magnitudes vg and w, we write 


UpiA _ VA 
l lcos 6 


Up = Ug tan 0 oO = 


(15.19) 


VA 


A VA 


A (fixed) 


Plane motion = Translation with A + — Rotation about A 


Fig. 15.16 


The same result can be obtained by using B as a point of refer- 
ence. Resolving the given motion into a translation with B and a 
simultaneous rotation about B (Fig. 15.17), we write the equation 


Va — VB + VA/B (15.20) 


which is represented graphically in Fig. 15.17. We note that v,/, and 
vp have the same magnitude /w but opposite sense. The sense of 
the relative velocity depends, therefore, upon the point of reference 
which has been selected and should be carefully ascertained from 
the appropriate diagram (Fig. 15.16 or 15.17). 


B (fixed) 


VB 


Plane motion = Translation with B + Rotation about B 


Fig. 15.17 


Finally, we observe that the angular velocity w of the rod in its 
rotation about B is the same as in its rotation about A. It is measured 
in both cases by the rate of change of the angle 6. This result is quite 
general; we should therefore bear in mind that the angular velocity w 
of a rigid body in plane motion is independent of the reference point. 

Most mechanisms consist not of one but of several moving 
parts. When the various parts of a mechanism are pin-connected, the 
analysis of the mechanism can be carried out by considering each 
part as a rigid body, keeping in mind that the points where two parts 
are connected must have the same absolute velocity (see Sample 
Prob. 15.3). A similar analysis can be used when gears are involved, 
since the teeth in contact must also have the same absolute velocity. 
However, when a mechanism contains parts which slide on each 
other, the relative velocity of the parts in contact must be taken into 
account (see Secs. 15.10 and 15.11). 


15.6 Absolute and Relative Velocity in 


Plane Motion 


VB 
VB/A 


“| 


VB =Va + VBya 


Va = VB t+ Va/B 
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va = 1.2 m/s 


F: 


ry = 100 mm 


VD 
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SAMPLE PROBLEM 15.2 


The double gear shown rolls on the stationary lower rack; the velocity of its 
center A is 1.2 m/s directed to the right. Determine (a) the angular velocity 
of the gear, (b) the velocities of the upper rack R and of point D of the gear. 


SOLUTION 


a. Angular Velocity of the Gear. Since the gear rolls on the lower rack, its 
center A moves through a distance equal to the outer circumference 277; 
for each full revolution of the gear. Noting that 1 rev = 2a rad, and that when 
A moves to the right (x4 > 0) the gear rotates clockwise (0 < 0), we write 


XA an 0 


Pane = —r10 
Qi} Qar we a 

Differentiating with respect to the time t and substituting the known values 
va = 1.2 m/s and r; = 150 mm = 0.150 m, we obtain 


0, = —TW 1.2 m/s = —(0.150 m)w @ = —8 rad/s 
@ = wok = —(8 rad/s)kk 4 


where k is a unit vector pointing out of the paper. 


b. Velocities. The rolling motion is resolved into two component motions: 
a translation with the center A and a rotation about the center A. In the 
translation, all points of the gear move with the same velocity v4. In the 
rotation, each point P of the gear moves about A with a relative velocity 
Veja = Wk X rp, where rp, is the position vector of P relative to A. 


VB/A 


VCiA vo — 
Translation + Rotation = Rolling Motion 


Velocity of Upper Rack. The velocity of the upper rack is equal to the 


velocity of point B; we write 


VA = MS NEN t VB/A — VA t ok X rp 
= (1.2 m/s)i — (8 rad/s)k X (0.100 m)j 
= (1.2 m/s)i + (0.8 m/s)i = (2 m/s)i 
Va = 2 m/s—> > | 
Velocity of Point D 
Wap) = NON ap Vay, = UN SP ok x Yp/A 
= (1.2 m/s)i — (8 rad/s)k X (—0.150 m)i 
= (1.2 m/s)i + (1.2 m/s)j 
Vp = 1697 m/s 2 45° 


SAMPLE PROBLEM 15.3 


In the engine system shown, the crank AB has a constant clockwise angular 
velocity of 2000 rpm. For the crank position indicated, determine (a) the 
angular velocity of the connecting rod BD, (b) the velocity of the piston P. 


SOLUTION 


aN Motion of Crank AB. The crank AB rotates about point A. Expressing wg 
a a5 in rad/s and writing vg = rw,pz, we obtain 


ap 40° fan 2 
A vB Og = (2000 =a] min) ( a rad) 209.4 rad/s 
inane 


60 s l rev 


vp = (AB)wapz = (3 in.)(209.4 rad/s) = 628.3 in./s 
vg = 628.3 in./s SG 50° 


Motion of Connecting Rod BD. We consider this motion as a general plane 

motion. Using the law of sines, we compute the angle B between the con- 
necting rod and the horizontal: 

sin 40° sin B 

8 in. Oui 


B = 13.95° 


The velocity vp of the point D where the rod is attached to the piston must 
be horizontal, while the velocity of point B is equal to the velocity vg 
obtained above. Resolving the motion of BD into a translation with B and 
a rotation about B, we obtain 


Bd a © 13.95° 


ae z 
Pp x Pm of 05 
= os D 


Plane motion Translation Rotation 


Expressing the relation between the velocities vp, vg, and vp/g, we write 
Vp = VB t+ Vpp 


We draw the vector diagram corresponding to this equation. Recalling that 
B = 13.95°, we determine the angles of the triangle and write 


xD) Dp Up/B 628.3 in./s 


sin 53.95° sin 50° sin 76.05° 
8 ee opm = 495.9 in/s  Vppz = 495.9 in/s 2 76.05° 
Vp = 523.4 in./s = 43.6 ft/s Vp = 43.6 ft/s > 
vg = 628.3 in/s VD/B vp =Vp = 43.6 fts> << 


Since Upp = l@gp, we have 


495.9 in./s = (8 in.)wgp pp = 62.0 rad/s} 
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SOLVING PROBLEMS 
JN TOUR OWN 


ik this lesson you learned to analyze the velocity of bodies in general plane 
motion. You found that a general plane motion can always be considered as the 
sum of the two motions you studied in the last lesson, namely, a translation and 
a rotation. 


To solve a problem involving the velocity of a body in plane motion you should 
take the following steps. 


1. Whenever possible determine the velocity of the points of the body 
where the body is connected to another body whose motion is known. That other 
body may be an arm or crank rotating with a given angular velocity [Sample 
Prob, 15.3]. 


2. Next start drawing a “diagram equation” to use in your solution (Figs. 15.15 
and 15.16). This “equation” will consist of the following diagrams. 

a. Plane motion diagram: Draw a diagram of the body including all dimen- 
sions and showing those points for which you know or seek the velocity. 

b. Translation diagram: Select a reference point A for which you know the 
direction and/or the magnitude of the velocity v4, and draw a second diagram 
showing the body in translation with all of its points having the same velocity vy. 

c. Rotation diagram: Consider point A as a fixed point and draw a diagram 
showing the body in rotation about A. Show the angular velocity w = wk of the 
body and the relative velocities with respect to A of the other points, such as 
the velocity vg), of B relative to A. 


3. Write the relative-velocity formula 
Ve = Va + Vaya 


While you can solve this vector equation analytically by writing the corresponding 
scalar equations, you will usually find it easier to solve it by using a vector triangle 
(Fig. 15.16). 


4. A different reference point can be used to obtain an equivalent solution. For 
example, if point B is selected as the reference point, the velocity of point A is 
expressed as 


Va = VB t+ Vapp 


Note that the relative velocities vg/, and v,/g have the same magnitude but oppo- 
site sense. Relative velocities, therefore, depend upon the reference point that has 
been selected. The angular velocity, however, is independent of the choice of ref- 
erence point. 


PROBLEMS 


15.38 The motion of rod AB is guided by pins attached at A and B which 
slide in the slots shown. At the instant shown, 6 = 40° and the pin 
at B moves upward to the left with a constant velocity of 6 in./s. 
Determine (a) the angular velocity of the rod, (b) the velocity of 
the pin at end A. 


15.39 The motion of rod AB is guided by pins attached at A and B which 
slide in the slots shown. At the instant shown, 06 = 30° and the 
pin at A moves downward with a constant velocity of 9 in./s. Deter- 
mine (a) the angular velocity of the rod, (b) the velocity of the pin 
at end B. 


15.40 Small wheels have been attached to the ends of rod AB and roll 
freely along the surfaces shown. Knowing that wheel A moves to 
the left with a constant velocity of 1.5 m/s, determine (a) the angu- 
lar velocity of the rod, (b) the velocity of end B of the rod. 


15.41 Collar A moves upward with a constant velocity of 1.2 m/s. At the 
instant shown when 6 = 25°, determine (a) the angular velocity of 
rod AB, (b) the velocity of collar B. 


Fig. P15.41 and P15.42 


15.42 Collar B moves downward to the left with a constant velocity of 
1.6 m/s. At the instant shown when @ = 40°, determine (a) the 
angular velocity of rod AB, (b) the velocity of collar A. 


I 


Fig. P15.40 
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QAQ Kinematics of Rigid Bodies 15.43 


15.44 


lg 200 mm >| 
Fig. P15.43 


15.45 


15.46 


Rod AB moves over a small wheel at C while end A moves to the 
right with a constant velocity of 500 mm/s. At the instant shown, 
determine (a) the angular velocity of the rod, (b) the velocity of 
end B of the rod. 


The plate shown moves in the xy plane. Knowing that (v,), = 
12 in./s, (vg), = —4 in./s, and (vc)y = -—24 in./s, determine 
(a) the angular velocity of the plate, (b) the velocity of point B. 


y 
Va = (Wale it (Va)yj 
va 
4 in. P 7 
| Vp = (Ug)yi + (Op)yj 
| | ael3 Vo = (ve) i + (We)yJ 
2 i | 
rent | ie t 
nr) in — 


Fig. P15.44 


In Prob. 15.44, determine (a) the velocity of point A, (b) the point 
on the plate with zero velocity. 


The plate shown moves in the xy plane. Knowing that (v,), = 
120 mm/s, (vg), = 300 mm/s, and (vc), = —60 mm/s, determine 
(a) the angular velocity of the plate, (b) the velocity of point A. 


I< 180 mm > 


Fig. P15.46 


15.47 In Prob. 15.46, determine (a) the velocity of point B, (b) the point 


of the plate with zero velocity. 


15.48 


15.49 


15.50 


15.51 


15.52 


In the planetary gear system shown, the radius of gears A, B, C, and 
D is 3 in. and the radius of the outer gear E is 9 in. Knowing that 
gear E has an angular velocity of 120 rpm clockwise and that the 
central gear has an angular velocity of 150 rpm clockwise, determine 
(a) the angular velocity of each planetary gear, (b) the angular veloc- 
ity of the spider connecting the planetary gears. 


Fig. P15.48 and P15.49 


In the planetary gear system shown the radius of the central gear 
A is a, the radius of each of the planetary gears is b, and the 
radius of the outer gear E is a + 2b. The angular velocity of gear 
A is w, clockwise, and the outer gear is stationary. If the angular 
velocity of the spider BCD is to be 4/5 clockwise, determine 
(@) the required value of the ratio b/a, (b) the corresponding angu- 
lar velocity of each planetary gear. 


Gear A rotates with an angular velocity of 120 rpm clockwise. 
Knowing that the angular velocity of arm AB is 90 rpm clockwise, 
determine the corresponding angular velocity of gear B. 


Fig. P15.50 and P15.51 


Arm AB rotates with an angular velocity of 42 rpm clockwise. 
Determine the required angular velocity of gear A for which (a) the 
angular velocity of gear B is 20 rpm counterclockwise, (b) the 
motion of gear B is a curvilinear translation. 


Arm AB rotates with an angular velocity of 20 rad/s counterclock- 
wise. Knowing that the outer gear C is stationary, determine (a) the 
angular velocity of gear B, (b) the velocity of the gear tooth located 
at point D. 


Problems 941 


Fig. P15.52 


QA2 Kinematics of Rigid Bodies 15.53 and 15.54 Arm ACB rotates about point C with an angular 
velocity of 40 rad/s counterclockwise. Two friction disks A and B 
are pinned at their centers to arm ACB as shown. Knowing that 
the disks roll without slipping at surfaces of contact, determine the 
angular velocity of (a) disk A, (b) disk B. 


Fig. P15.53 Fig. P15.54 


15.55 Knowing that crank AB has a constant angular velocity of 160 rpm 
counterclockwise, determine the angular velocity of rod BD and the 
velocity of collar D when (a) 6 = 0, (b) 6 = 90°. 


Fig. P15.55 and P15.56 


15.56 Knowing that crank AB has a constant angular velocity of 160 rpm 
counterclockwise, determine the angular velocity of rod BD and the 
velocity of collar D when @ = 60°. 


15.57 


15.58 


15.59 


15.60 


15.61 


15.62 


In the engine system shown, ! = 160 mm and b = 60 mm. Knowing 
that the crank AB rotates with a constant angular velocity of 1000 rpm 
clockwise, determine the velocity of the piston P and the angular 
velocity of the connecting rod when (a) @ = 0, (b) 6 = 90°. 


In the engine system shown in Fig. P15.57 and P15.58, / = 160 mm 
and b = 60 mm. Knowing that crank AB rotates with a constant 
angular velocity of 1000 rpm clockwise, determine the velocity of 
the piston F and the angular velocity of the connecting rod when 
6 = 60°. 


A straight rack rests on a gear of radius r and is attached to a block 
B as shown. Denoting by wp the clockwise angular velocity of gear 
D and by 6 the angle formed by the rack and the horizontal, derive 
expressions for the velocity of block B and the angular velocity of 
the rack in terms of r, 6, and wp. 


Fig. P15.59, P15.60, and P15.61 


A straight rack rests on a gear of radius r = 75 mm and is attached 
to a block B as shown. Knowing that at the instant shown the 
angular velocity of gear D is 15 rpm counterclockwise and @ = 
20°, determine (a) the velocity of block B, (b) the angular velocity 
of the rack. 


A straight rack rests on a gear of radius r = 60 mm and is 
attached to a block B as shown. Knowing that at the instant 
shown the velocity of block B is 200 mm/s to the right and 6 = 
25°, determine (a) the angular velocity of gear D, (b) the angular 
velocity of the rack. 


In the eccentric shown, a disk of 2-in.-radius revolves about shaft 
O that is located 0.5 in. from the center A of the disk. The distance 
between the center A of the disk and the pin at B is 8 in. Knowing 
that the angular velocity of the disk is 900 rpm clockwise, deter- 
mine the velocity of the block when @ = 30°. 


Fig. P15.62 


Fig. P15.57 and P15.58 


Problems 9A3 


JAA Kinematics of Rigid Bodies 15.63 through 15.65 In the position shown, bar AB has an angular 
velocity of 4 rad/s clockwise. Determine the angular velocity of 
bars BD and DE. 


4in 


is Tin. ae 
B 
>; ¢___ iw 250 mm a 150 mm >| 
{ 
@ ————— 
8 | A 

sin | pe 

®) | 

E 
Fig. P15.63 Fig. P15.64 


mm 


mm 


— 400 mm —>}—— 400 mm _— + > 


Fig. P15.65 


15.66 In the position shown, bar DE has a constant angular velocity of 
10 rad/s clockwise. Knowing that h = 500 mm, determine (a) the 
angular velocity of bar FBD, (b) the velocity of point F. 


Fig. P15.66 and P15.67 


15.67 In the position shown, bar DE has a constant angular velocity of 


15.68 


15.69 


15.70 


10 rad/s clockwise. Determine (a) the distance h for which the 
velocity of point F is vertical, (b) the corresponding velocity of 
point F. 


In the position shown, bar AB has zero angular acceleration 
and an angular velocity of 20 rad/s counterclockwise. Deter- 
mine (a) the angular velocity of member BDH, (b) the velocity 


of point G. 
5 in. | 5 in. if 3 in. 4 


himcuaaala 


L 


10 in. 


Fig. P15.68 and P15.69 


In the position shown, bar AB has zero angular acceleration 
and an angular velocity of 20 rad/s counterclockwise. Deter- 
mine (a) the angular velocity of member BDH, (b) the velocity 
of point H. 


An automobile travels to the right at a constant speed of 48 mi/h. 
If the diameter of a wheel is 22 in., determine the velocities of 
points B, C, D, and E on the rim of the wheel. 


Fig. P15.70 


Problems 9A5 


QA6 Kinematics of Rigid Bodies 15.71 The 80-mm-radius wheel shown rolls to the left with a velocity of 
900 mm/s. Knowing that the distance AD is 50 mm, determine 
the velocity of the collar and the angular velocity of rod AB when 


(@ B = 0, (b) B = 90°. 


Fig. P15.71 


*15.72 For the gearing shown, derive an expression for the angular veloc- 
ity wc of gear C and show that we is independent of the radius of 
gear B. Assume that point A is fixed and denote the angular veloci- 
ties of rod ABC and gear A by wagc and wy respectively. 


Fig. P15.72 


15.7. INSTANTANEOUS CENTER OF ROTATION 
IN PLANE MOTION 


Consider the general plane motion of a slab. We propose to show 
that at any given instant the velocities of the various particles of the 
slab are the same as if the slab were rotating about a certain axis 
perpendicular to the plane of the slab, called the instantaneous axis 
of rotation. This axis intersects the plane of the slab at a point C, 
called the instantaneous center of rotation of the slab. 

We first recall that the plane motion of a slab can always be 
replaced by a translation defined by the motion of an arbitrary refer- 
ence point A and by a rotation about A. As far as the velocities are 
concerned, the translation is characterized by the velocity vy of the 
reference point A and the rotation is characterized by the angular 


Photo 15.5 If the tires of this car are rolling 


without sliding the instantaneous center of rotation 
dba He te ne point of contact between the road Velocity « of the slab (which is independent of the choice of A). Thus, 


and the tire. the velocity v, of point A and the angular velocity @ of the slab define 


(a) (b) 
Fig. 15.18 


completely the velocities of all the other particles of the slab (Fig. 
15.182). Now let us assume that v4 and @ are known and that they 
are both different from zero. (If v, = 0, point A is itself the instan- 
taneous center of rotation, and if w = 0, all the particles have the 
same velocity v4.) These velocities could be obtained by letting the slab 
rotate with the angular velocity w about a point C located on the per- 
pendicular to vy at a distance r = v,/w from A as shown in Fig. 15.18). 
We check that the velocity of A would be perpendicular to AC and that 
its magnitude would be rw = (v,/w)w = vy. Thus the velocities of all 
the other particles of the slab would be the same as originally defined. 
Therefore, as far as the velocities are concerned, the slab seems to rotate 
about the instantaneous center C at the instant considered. 

The position of the instantaneous center can be defined in two 
other ways. If the directions of the velocities of two particles A and B 
of the slab are known and if they are different, the instantaneous 
center C is obtained by drawing the perpendicular to vy through A 
and the perpendicular to vg through B and determining the point in 
which these two lines intersect (Fig. 15.192). If the velocities v4 and 
vz of two particles A and B are perpendicular to the line AB and if 
their magnitudes are known, the instantaneous center can be found 
by intersecting the line AB with the line joining the extremities of the 
vectors v, and vg (Fig. 15.19b). Note that if v, and vz were parallel 
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Plane Motion 
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Space 


centrode 


a 


i" 


in Fig. 15.19a or if vy and vz had the same magnitude in Fig. 15.19b, 
the instantaneous center C would be at an infinite distance and w 
would be zero; all points of the slab would have the same velocity. 
To see how the concept of instantaneous center of rotation can 
be put to use, let us consider again the rod of Sec. 15.6. Drawing 
the perpendicular to vy through A and the perpendicular to vz 
through B (Fig. 15.20), we obtain the instantaneous center C. At the 


Fig. 15.20 


instant considered, the velocities of all the particles of the rod are 
thus the same as if the rod rotated about C. Now, if the magnitude 
v4 of the velocity of A is known, the magnitude w of the angular 
velocity of the rod can be obtained by writing 


VA VA 


o= 


~ AC lcos 0 
The magnitude of the velocity of B can then be obtained by writing 


VA 


>p = (BC)o = lsind@ 
a we l cos 0 


va, tan 0 
Note that only absolute velocities are involved in the computation. 

The instantaneous center of a slab in plane motion can be 
located either on the slab or outside the slab. If it is located on the 
slab, the particle C coinciding with the instantaneous center at a given 
instant t must have zero velocity at that instant. However, it should 
be noted that the instantaneous center of rotation is valid only at a 
given instant. Thus, the particle C of the slab which coincides with 
the instantaneous center at time t will generally not coincide with the 
instantaneous center at time t + Af; while its velocity is zero at time ft, 
it will probably be different from zero at time t + At. This means 
that, in general, the particle C does not have zero acceleration and, 
therefore, that the accelerations of the various particles of the slab 
cannot be determined as if the slab were rotating about C. 

As the motion of the slab proceeds, the instantaneous center 
moves in space. But it was just pointed out that the position of the 
instantaneous center on the slab keeps changing. Thus, the instanta- 
neous center describes one curve in space, called the space centrode, 
and another curve on the slab, called the body centrode (Fig. 15.21). 
It can be shown that at any instant, these two curves are tangent at C 
and that as the slab moves, the body centrode appears to roll on the 
space centrode. 


SAMPLE PROBLEM 15.4 


Solve Sample Prob. 15.2, using the method of the instantaneous center of 
rotation. 


SOLUTION 


a. Angular Velocity of the Gear. Since the gear rolls on the stationary 
lower rack, the point of contact C of the gear with the rack has no velocity; 
point C is therefore the instantaneous center of rotation. We write 


UA = Taw 1.2 m/s = (0.150 m)w 
w= S8rad/s) << 


b. Velocities. As far as velocities are concerned, all points of the gear 
seem to rotate about the instantaneous center. 


We Velocity of Upper Rack. Recalling that vg = vg, we write 


Dp = Up = TRo vp = (0.250 m)(8 rad/s) = 2 m/s 
Vea =2ms> 


Velocity of Point D. Since rp = (0.150 m) V2 = 0.2121 m, we write 


Up = rpw Op = (0.2121 m)(8 rad/s) = 1.697 m/s 
Vp = 1.697 m/s 4 45° 


| SAMPLE PROBLEM 15.5 


Solve Sample Prob. 15.3, using the method of the instantaneous center of 
rotation. 


SOLUTION 


Motion of Crank AB. Referring to Sample Prob. 15.3, we obtain the veloc- 
ity of point B; vg = 628.3 in/s “6 50°. 
Motion of the Connecting Rod BD. We first locate the instantaneous cen- 


AC ter C by drawing lines perpendicular to the absolute velocities vg and vp. 
os Gal Recalling from Sample Prob. 15.3 that 8 = 13.95° and that BD = 8 in., we 
7 50° solve the triangle BCD. 
we | yp = 40° + B = 53.95° yp = 90° — B = 76.05° 
| BC CD 8 in. 
sin 76.05° = sin 53.95° ~~ sin 50° 
: BC = 10.14 in. CD = 8.44 in. 
° V; 
pas : gp D ‘D Since the connecting rod BD seems to rotate about point C, we write 


vg = (BC)agp 
628.3 in/s = (10.14 in.)@pp 
@gp = 62.0 rad/s) 
Dp = (CD)wgp = (8.44 in.)(62.0 rad/s) 
= 523 in./s = 43.6 ft/s 
Vp = Vp = 43.6 fts> 
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SOLVING FROBLEMS 
ON TOUR OWN 


I n this lesson we introduced the instantaneous center of rotation in plane motion. 
This provides us with an alternative way for solving problems involving the 
velocities of the various points of a body in plane motion. 


As its name suggests, the instantaneous center of rotation is the point about which 
you can assume a body is rotating at a given instant, as you determine the veloci- 
ties of the points of the body at that instant. 


A. To determine the instantaneous center of rotation of a body in plane motion, 
you should use one of the following procedures. 


1. If the velocity v4 of a point A and the angular velocity w of the body are 
both known (Fig. 15.18): 

a. Draw a sketch of the body, showing point A, its velocity v4, and the angu- 
lar velocity w of the body. 

b. From A draw a line perpendicular to vg on the side of v4 from which 
this velocity is viewed as having the same sense as w. 

c. Locate the instantaneous center C on this line, at a distance r = v,/w 
from point A. 


2. If the directions of the velocities of two points A and B are known and 
are different (Fig. 15.19a): 

a. Draw a sketch of the body, showing points A and B and their velocities 
v4 and vz. 

b. From A and B draw lines perpendicular to v4 and vz, respectively. The 
instantaneous center C is located at the point where the two lines intersect. 

c. If the velocity of one of the two points is known, you can determine 
the angular velocity of the body. For example, if you know vy, you can write w = 
v,/AC, where AC is the distance from point A to the instantaneous center C. 


3. If the velocities of two points A and B are known and are both perpen- 
dicular to the line AB (Fig. 15.19b): 

a. Draw a sketch of the body, showing points A and B with their velocities 
v, and vz drawn to scale. 

b. Draw a line through points A and B, and another line through the tips 
of the vectors v4 and vz. The instantaneous center C is located at the point where 
the two lines intersect. 


c. The angular velocity of the body is obtained by either dividing v, by AC 
or vg by BC. 

d. If the velocities v, and vg have the same magnitude, the two lines drawn 
in part b do not intersect; the instantaneous center C is at an infinite distance. 
The angular velocity w is zero and the body is in translation. 


B. Once you have determined the instantaneous center and the angular 
velocity of a body, you can determine the velocity vp of any point P of the body 
in the following way. 


1. Draw a sketch of the body, showing point P, the instantaneous center of 
rotation C, and the angular velocity w. 


2. Draw a line from P to the instantaneous center C and measure or calculate 
the distance from P to C. 


3. The velocity vp is a vector perpendicular to the line PC, of the same sense 
as w, and of magnitude vp = (PC)w. 


Finally, keep in mind that the instantaneous center of rotation can be used only 
to determine velocities. It cannot be used to determine accelerations. 
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PROBLEMS 


15.73 


15.74 


15.75 


15.76 


A 10-ft beam AE is being lowered by means of two overhead 
cranes. At the instant shown it is known that the velocity of point 
D is 24 in./s downward and the velocity of point E is 36 in./s 
downward. Determine (a) the instantaneous center of rotation of 
the beam, (b) the velocity of point A. 


Ix—— 3 ft le 4 ft ale 3 ft | 


Fig. P15.73 


A helicopter moves horizontally in the x direction at a speed of 
120 mi/h. Knowing that the main blades rotate clockwise with an 
angular velocity of 180 rpm, determine the instantaneous axis of 
rotation of the main blades. 


The spool of tape shown and its frame assembly are pulled upward 
at a speed v, = 750 mm/s. Knowing that the 80-mm-radius spool 
has an angular velocity of 15 rad/s clockwise and that at the instant 
shown the total thickness of the tape on the spool is 20 mm, deter- 
mine (a) the instantaneous center of rotation of the spool, (b) the 
velocities of points B and D. 


Fig. P15.75 and P15.76 


The spool of tape shown and its frame assembly are pulled up- 
ward at a speed v, = 100 mm/s. Knowing that end B of the tape 
is pulled downward with a velocity of 300 mm/s and that at the 
instant shown the total thickness of the tape on the spool is 20 mm, 
determine (a) the instantaneous center of rotation of the spool, 
(b) the velocity of point D of the spool. 


15.77 Solve Sample Prob. 15.2, assuming that the lower rack is not Problems Q53 
stationary but moves to the left with a velocity of 0.6 m/s. 


15.78 A double pulley is attached to a slider block by a pin at A. The 
30-mm-radius inner pulley is rigidly attached to the 60-mm-radius 200 mm/s 
outer pulley. Knowing that each of the two cords is pulled at a E 
constant speed as shown, determine (a) the instantaneous center 
of rotation of the double pulley, (b) the velocity of the slider block, 
(c) the number of millimeters of cord wrapped or unwrapped on 
each pulley per second. 


15.79 Solve Prob. 15.78, assuming that cord E is pulled upward at a 
speed of 160 mm/s and cord F is pulled downward at a speed 
of 200 mm/s. 


15.80 and 15.81 A 3-in.-radius drum is rigidly attached to a 5-in- 
radius drum as shown. One of the drums rolls without sliding on the 
surface shown, and a cord is wound around the other drum. Knowing 
that end E of the cord is pulled to the left with a velocity of 6 in./s, 
determine (a) the angular velocity of the drums, (b) the velocity of 
the center of the drums, (c) the length of cord wound or unwound 
per second. 


F 
160 mm/s 


Fig. P15.78 


Fig. P15.80 Fig. P15.81 


15.82 Knowing that at the instant shown the angular velocity of rod AB 
is 15 rad/s clockwise, determine (a) the angular velocity of rod BD, 
(b) the velocity of the midpoint of rod BD. 


: A 
0.2m 

t 9) B 
0.25 m 

1_éCiz 

D @ ONE 
0.2m 
0.6m ~| 


Fig. P15.82 and P15.83 


15.83 Knowing that at the instant shown the velocity of point D is 
2.4 m/s upward, determine (a) the angular velocity of rod AB, 
(b) the velocity of the midpoint of rod BD. 


Q54 Kinematics of Rigid Bodies 15.84 Rod ABD is guided by wheels at A and B that roll in horizontal 


15.85 


Fig. P15.84 


Fig. P15.86 and P15.87 


15.88 


15.89 


and vertical tracks. Knowing that at the instant B = 60° and 
the velocity of wheel B is 40 in./s downward, determine (a) the 
angular velocity of the rod, (b) the velocity of point D. 


An overhead door is guided by wheels at A and B that roll in hori- 
zontal and vertical tracks. Knowing that when @ = 40° the velocity 


of wheel B is 1.5 ft/s upward, determine (a) the angular velocity 
of the door, (b) the velocity of end D of the door. 


za 


B 
5 ft - 


Fig. P15.85 


15.86 Knowing that at the instant shown the angular velocity of rod BE 


is 4 rad/s counterclockwise, determine (a) the angular velocity of 
rod AD, (b) the velocity of collar D, (c) the velocity of point A. 


15.87 Knowing that at the instant shown the velocity of collar D is 


1.6 m/s upward, determine (a) the angular velocity of rod AD, 
(b) the velocity of point B, (c) the velocity of point A. 


Rod AB can slide freely along the floor and the inclined plane. 
Denoting by v, the velocity of point A, derive an expression for 
(a) the angular velocity of the rod, (b) the velocity of end B. 


Fig. P15.88 and P15.89 


Rod AB can slide freely along the floor and the inclined plane. 
Knowing that 0 = 20°, B = 50°, / = 0.6 m, and vy = 3 més, 
determine (a) the angular velocity of the rod, (b) the velocity 
of end B. 


15.90 Arm ABD is connected by pins to a collar at B and to crank 


15.91 


15.92 


15.93 


15.94 


DE. Knowing that the velocity of collar B is 400 mm/s upward, 


determine (a) the angular velocity of arm ABD, (b) the velocity of 


point A. 


ele 320 mm —| 


180 mm 


Fig. P15.90 and P15.91 


Arm ABD is connected by pins to a collar at B and to crank DE. 
Knowing that the angular velocity of crank DE is 1.2 rad/s 
counterclockwise, determine (a) the angular velocity of arm ABD, 
(b) the velocity of point A. 


Two slots have been cut in plate FG and the plate has been placed 
so that the slots fit two fixed pins A and B. Knowing that at the 
instant shown the angular velocity of crank DE is 6 rad/s clockwise, 
determine (a) the velocity of point F, (b) the velocity of point G. 


Two identical rods ABF and DBE are connected by a pin at B. 
Knowing that at the instant shown the velocity of point D is 10 in./s 
upward, determine the velocity of (a) point E, (b) point F. 


Rod AB is attached to a collar at A and is fitted with a small wheel 
at B. Knowing that when @ = 60° the velocity of the collar is 
250 mm/s upward, determine (a) the angular velocity of rod AB, 
(b) the velocity of point B. 


P15.94 


Fig. 
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Fig. P15.92 


9 in. 


Fig. P15.93 


Q56 Kinematics of Rigid Bodies 15.95 Two collars C and D move along the vertical rod shown. Knowing 
that the velocity of the collar C is 660 mm/s downward, determine 
(a) the velocity of collar D, (b) the angular velocity of member AB. 


15.96 Two 500-mm rods are pin-connected at D as shown. Knowing that 
B moves to the left with a constant velocity of 360 mm/s, determine 
at the instant shown (a) the angular velocity of each rod, (b) the 
velocity of E. 


Fig. P15.95 


150 >|~150 >|~— 250 —~| 


Dimensions in mm 


Fig. P15.96 


15.97 Two rods AB and DE are connected as shown. Knowing that point 
E D moves to the left with a velocity of 40 in./s, determine (a) the 


mi angular velocity of each rod, (b) the velocity of point A. 
Sin. 
7c 15.98 Two rods AB and DE are connected as shown. Knowing that point 
B B moves downward with a velocity of 60 in./s, determine (a) the 
angular velocity of each rod, (b) the velocity of point E. 
Sin. 
A B 


Le 9 in. le 8 in. J 8 in. _ 8 in. 


Fig. P15.97 


A Lak 
| 


Fig. P15.98 


15 in. 2a ke 6 fae 9 in. = 


15.99 Describe the space centrode and the body centrode of rod ABD 
of Prob. 15.84. (Hint: The body centrode need not lie on a physical 
portion of the rod.) 


15.100 Describe the space centrode and the body centrode of the gear of 
Sample Prob. 15.2 as the gear rolls on the stationary horizontal 
rack. 


15.101 Using the method of Sec. 15.7, solve Prob. 15.62. 
15.102 Using the method of Sec. 15.7, solve Prob. 15.64. 
15.103 Using the method of Sec. 15.7, solve Prob. 15.65. 
15.104 Using the method of Sec. 15.7, solve Prob. 15.70. 


15.8 ABSOLUTE AND RELATIVE ACCELERATION 
IN PLANE MOTION 


We saw in Sec. 15.5 that any plane motion can be replaced by a 
translation defined by the motion of an arbitrary reference point A 
and a simultaneous rotation about A. This property was used in Sec. 
15.6 to determine the velocity of the various points of a moving slab. 
The same property will now be used to determine the acceleration 
of the points of the slab. 

We first recall that the absolute acceleration ag of a particle of 
the slab can be obtained from the relative-acceleration formula 
derived in Sec. 11.12, 


ag = aa ate AB/A (15.21) 


where the right-hand member represents a vector sum. The accel- 
eration ay corresponds to the translation of the slab with A, while 
the relative acceleration ag/, is associated with the rotation of the 
slab about A and is measured with respect to axes centered at A and 
of fixed orientation. We recall from Sec. 15.3 that the relative accel- 
eration ag, can be resolved into two components, a tangential com- 
ponent (ag,a); perpendicular to the line AB, and a normal component 
(agya)n directed toward A (Fig. 15.22). Denoting by rg,, the position 
vector of B relative to A and, respectively, by wk and ak the angular 
velocity and angular acceleration of the slab with respect to axes of 
fixed orientation, we have 


(aga) = ak X rpya (dpa) = Ta 
2 
(agya)n = —@ VBA (dpa)n = TO 


2 (15.22) 


where r is the distance from A to B. Substituting into (15.21) the 
expressions obtained for the tangential and normal components of 
Aga, We can also write 


agp a, as ak x rga orp), (15.21’) 


15.8 Absolute and Relative Acceleration 
in Plane Motion 
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Photo 15.6 The central gear rotates about a 
fixed axis and is pin-connected to three bars 
which are in general plane motion. 


Plane motion = Translation with A + Rotation about A 


Fig. 15.22 
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ap 


Fig. 15.24 


A (fixed) 


Plane motion a Translation with A + Rotation about A 


Fig. 15.23 


As an example, let us again consider the rod AB whose extremi- 
ties slide, respectively, along a horizontal and a vertical track (Fig. 
15.23). Assuming that the velocity v, and the acceleration a, of A 
are known, we propose to determine the acceleration ag of B and 
the angular acceleration @ of the rod. Choosing A as a reference 
point, we express that the given motion is equivalent to a translation 
with A and a rotation about A. The absolute acceleration of B must 
be equal to the sum 


ag = ag t+ apa 


15.23 
= ay + (apsa)n + (Apia) ( ) 


where (ag,,), has the magnitude lw” and is directed toward A, while 
(agy,); has the magnitude la and is perpendicular to AB. Students 
should note that there is no way to tell whether the tangential compo- 
nent (ag,a), is directed to the left or to the right, and therefore both 
possible directions for this component are indicated in Fig. 15.23. 
Similarly, both possible senses for ag are indicated, since it is not 
known whether point B is accelerated upward or downward. 

Equation (15.23) has been expressed geometrically in Fig. 15.24. 
Four different vector polygons can be obtained, depending upon the 
sense of a, and the relative magnitude of a, and (ag,4),. If we are to 
determine ag and a from one of these diagrams, we must know not 
only a, and 6 but also w. The angular velocity of the rod should there- 
fore be separately determined by one of the methods indicated in 
Secs. 15.6 and 15.7. The values of ag and a@ can then be obtained by 
considering successively the x and y components of the vectors shown 
in Fig. 15.24. In the case of polygon a, for example, we write 


—>x components: 0 = a, + lw” sin 6 — la cos 0 
+fy components:  —ag = —lw” cos 6 — la sin 0 


and solve for ag and a. The two unknowns can also be obtained by 
direct measurement on the vector polygon. In that case, care should 
be taken to draw first the known vectors a, and (ag,,),,. 

It is quite evident that the determination of accelerations is 
considerably more involved than the determination of velocities. Yet 


in the example considered here, the extremities A and B of the rod 
were moving along straight tracks, and the diagrams drawn were 
relatively simple. If A and B had moved along curved tracks, it would 
have been necessary to resolve the accelerations a, and ag into nor- 
mal and tangential components and the solution of the problem 
would have involved six different vectors. 

When a mechanism consists of several moving parts which are 
pin-connected, the analysis of the mechanism can be carried out by 
considering each part as a rigid body, keeping in mind that the points 
at which two parts are connected must have the same absolute accel- 
eration (see Sample Prob. 15.7). In the case of meshed gears, the 
tangential components of the accelerations of the teeth in contact 
are equal, but their normal components are different. 


*15.9 ANALYSIS OF PLANE MOTION IN TERMS 
OF A PARAMETER 


In the case of certain mechanisms, it is possible to express the coor- 
dinates x and y of all the significant points of the mechanism by 
means of simple analytic expressions containing a single parameter. 
It is sometimes advantageous in such a case to determine the abso- 
lute velocity and the absolute acceleration of the various points of 
the mechanism directly, since the components of the velocity and 
of the acceleration of a given point can be obtained by differentiating 
the coordinates x and y of that point. 

Let us consider again the rod AB whose extremities slide, 
respectively, in a horizontal and a vertical track (Fig. 15.25). The 
coordinates x, and yz of the extremities of the rod can be expressed 
in terms of the angle 6 the rod forms with the vertical: 


(15.24) 
Differentiating Eqs. (15.24) twice with respect to t, we write 


x4 = 1 sin 0 yp =! cos 0 


v, = x4 = 16 cos 0 


a4 =X, = —19? sin 6 + 16 cos 0 
Up = Yp = —16 sin 0 
dp = Yg = —10 cos 6 — 16 sin @ 


Recalling that 6 = w and 6 = a, we obtain 
(15.25) 


v4 = lw cos 0 vz = —lw sin 0 
—lw* cos @ — la sin @ 


(15.26) 


We note that a positive sign for vg or a, indicates that the velocity 
vq or the acceleration a, is directed to the right; a positive sign for 
Ug OF dg indicates that vg or ag is directed upward. Equations (15.25) 
can be used, for example to determine vg and w when v, and 6 are 
known. Substituting for w in (15.26), we can then determine ag and 
a if a, is known. 


ad, = —lw” sin 0 + la cos 0 dz = 


15.9 Analysis of Plane Motion in 
Terms of a Parameter 


Kk—x,—>|A 


Fig. 15.25 
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SAMPLE PROBLEM 15.6 


The center of the double gear of Sample Prob. 15.2 has a velocity of 1.2 m/s 
to the right and an acceleration of 3 m/s” to the right. Recalling that the 
lower rack is stationary, determine (a) the angular acceleration of the gear, 
(b) the acceleration of points B, C, and D of the gear. 


SOLUTION 


a. Angular Acceleration of the Gear. In Sample Prob. 15.2, we found 
that x4 = —r0 and v, = —ryw. Differentiating the latter with respect to 
time, we obtain a, = —ry)a. 


OD = ato 1.2 m/s = —(0.150 m)w w = —8 rad/s 
a, = —rja 3 m/s? = —(0.150 m)a a = —20 rad/s” 
a = ak = —(20 rad/s)k “4 


b. Accelerations. The rolling motion of the gear is resolved into a transla- 
tion with A and a rotation about A. 


A \ ee, 
ae \o — 


i; ya) (fixed) y 


Translation fs Rotation = Rolling motion 
Acceleration of Point B. Adding vectorially the accelerations correspond- 
ing to the translation and to the rotation, we obtain 


apg = ay + apy = aq + (apa): + (apya)n 
= fy FP Gs 2S hay, = OT p/A 
= (3 m/s*)i — (20 rad/s*)k X (0.100 m)j — (8 rad/s)*(0.100 m)j 
= (3 m/s’)i + (2 m/s°)i — (6.40 m/s”)j 
az = 8.12 m/s? 5 52.0° <4 


Acceleration of Point C 


ac = ay, oe agi = ag ar ak x I Gy/\ ae orca 
(3 m/s*)i — (20 rad/s*)k X (—0.150 m)j — (8 rad/s)”(—0.150 m)j 
= (3 m/s’)i — (3 m/s°)i + (9.60 m/s”)j 


ll 


ac = 9.60 m/s’? <4 
Acceleration of Point D 


ap = ay + apy = ay t+ ak X rp, — Opa 
(3 m/s*)i — (20 rad/s”)k X (—0.150 m)i — (8 rad/s)?(—0.150 m)i 
= (3 m/s)i + (3 m/s*)j + (9.60 m/s”)i 

ap = 12.95 m/s? 7 13.4° < 


SAMPLE PROBLEM 15.7 


Crank AB of the engine system of Sample Prob. 15.3 has a constant clock- 
wise angular velocity of 2000 rpm. For the crank position shown, determine 
the angular acceleration of the connecting rod BD and the acceleration of 
point D. 


SOLUTION 


A\ B Motion of Crank AB. Since the crank rotates about A with constant 
resin. ZB az = 2000 rpm = 209.4 rad/s, we have a4g = 0. The acceleration of B 
x 40° 2B is therefore directed toward A and has a magnitude 
A a ‘ P 

4? dp = ro@ap = (> ft) (209.4 rad/s)” = 10,962 ft/s” 


az = 10,962 ft/s? 2 40° 


Motion of the Connecting Rod BD. The angular velocity wgp and the value 
of B were obtained in Sample Prob. 15.3: 


@gp = 62.0 rad/s 5 B = 13.95° 


The motion of BD is resolved into a translation with B and a rotation about 
B. The relative acceleration apg is resolved into normal and tangential 
components: 


(app), = (BD) ean = Gy tt) (62.0 rad/s) = 2568 ft/s 
(app)n = 2563 fi/s? SX 13.95° 
(app): = (BD) agp = (iz)@sp = 0.6667azp 
(app) = 0.6667agp a 76.05° 


While (ap,g), must be perpendicular to BD, its sense is not known. 


B B App (= Opp (apyp)n 
ag iG 
Y 13.955 ——_P on Doar “a B 
ap B os 
aB 


(apyp) 
Plane motion = Translation + Rotation 


Noting that the acceleration ap must be horizontal, we write 


Ap = ag + app = ag + (app), + (ane 
[ap<] = [10,962 2 40°] + [2563 SX 13.95°] + [0.6667app <a 76.05°] 

Equating x and y components, we obtain the following scalar equations: 
3x components: 

—adp = —10,962 cos 40° — 2563 cos 13.95° + 0.6667agp sin 13.95° 
+ y components: 

0 = —10,962 sin 40° + 2563 sin 13.95° + 0.6667agp cos 13.95° 
Solving the equations simultaneously, we obtain agp = +9940 rad/s” 

and ap = +9290 ft/s?. The positive signs indicate that the senses shown on 
(apys)n the vector polygon are correct; we write 


App = 9940 rad/s’) 4 
ap = 9290 ft/s* <4 
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J D 
YD/B 
Tp 
TB 
A 
rg = 8i+ 14j 
tp =-lTi+ 17j 


Typ = leit 3j 


SAMPLE PROBLEM 15.8 


The linkage ABDE moves in the vertical plane. Knowing that in the position 
* shown crank AB has a constant angular velocity @, of 20 rad/s counterclock- 
wise, determine the angular velocities and angular accelerations of the con- 
necting rod BD and of the crank DE. 


SOLUTION 


This problem could be solved by the method used in Sample Prob. 15.7. In 
this case, however, the vector approach will be used. The position vectors 
¥g, Yp, and rpg are chosen as shown in the sketch. 


Velocities. Since the motion of each element of the linkage is contained 
in the plane of the figure, we have 
Wap = Wapk = (20 rad/s)k Wap = @ppk WDpr = Oprk 
where k is a unit vector pointing out of the paper. We now write 
Vp = Va + Vpp 
Oprk x pea Wapk x rg “+ Wppk x Yp/p 
wpgek X (—1Ti + 17j) = 20k X (Si + 14j) + wgpk X (12% + 3j) 


Equating the coefficients of the unit vectors i and j, we obtain the following 
two scalar equations: 


1l7@pr = 280 3@pp 
l7@pr = +160 + 12wzp 
@gp = —(29.33 rad/s)k @pp = (11.29 rad/s)k <4 


Accelerations. Noting that at the instant considered crank AB has a con- 
stant angular velocity, we write 


a3 = 0 App = Appk App = Appk 
ap = ag + app (1) 


Each term of Eq. (1) is evaluated separately: 


ap = apgk X rp — wperp 
= apek X (—17i + 17) — (11.29)(—17i + 17) 
= Wein) = Wari ap MI GOn = ee 

ag = Qagk X rg — wagrg = 0 — (20)?(Si + 14j) 
= —32001 — 5600j 

app = Appk X rppz — ORD DB E 

= agpk X (12i + 3j) — (29.33) (12i + 3)) 
= 12agpj — 38agpi — 10,3201 — 2580; 


Substituting into Eq. (1) and equating the coefficients of i and j, we obtain 


1l7apr t 3agBp = 15,690 
l7apr 1l2agp = 6010 
Qpp = —(645 rad/s)k Apr = (809 rad/s*)k <4 


SOLVING PROBLEMS 
YN TOUR OWN 


To lesson was devoted to the determination of the accelerations of the points 
of a rigid body in plane motion. As you did previously for velocities, you will 
again consider the plane motion of a rigid body as the sum of two motions, namely, 
a translation and a rotation. 


To solve a problem involving accelerations in plane motion you should use the 
following steps: 


1. Determine the angular velocity of the body. To find w you can either 

a. Consider the motion of the body as the sum of a translation and a rotation 
as you did in Sec. 15.6, or 

b. Use the instantaneous center of rotation of the body as you did in Sec. 15.7. 
However, keep in mind that you cannot use the instantaneous center to determine 
accelerations. 


2. Start drawing a “diagram equation” to use in your solution. This “equation” 
will involve the following diagrams (Fig. 15.44). 

a. Plane motion diagram. Draw a sketch of the body, including all dimen- 
sions, as well as the angular velocity w. Show the angular acceleration @ with its 
magnitude and sense if you know them. Also show those points for which you 
know or seek the accelerations, indicating all that you know about these 
accelerations. 

b. Translation diagram. Select a reference point A for which you know the 
direction, the magnitude, or a component of the acceleration ay. Draw a second 
diagram showing the body in translation with each point having the same accelera- 
tion as point A. 

c. Rotation diagram. Considering point A as a fixed reference point, draw a 
third diagram showing the body in rotation about A. Indicate the normal and tan- 
gential components of the relative accelerations of other points, such as the com- 
ponents (ag/4), and (agy4); of the acceleration of point B with respect to point A. 


3. Write the relative-acceleration formula 


ag = ay t apa or ag = ag + (apya)n + (apya)t 


The sample problems illustrate three different ways to use this vector equation: 


a. If @ is given or can easily be determined, you can use this equation to 
determine the accelerations of various points of the body [Sample Prob. 15.6]. 


(continued) 
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b. If @ cannot easily be determined, select for point B a point for which you 
know the direction, the magnitude, or a component of the acceleration ag and 
draw a vector diagram of the equation. Starting at the same point, draw all known 
acceleration components in tip-to-tail fashion for each member of the equation. 
Complete the diagram by drawing the two remaining vectors in appropriate direc- 
tions and in such a way that the two sums of vectors end at a common point. 


The magnitudes of the two remaining vectors can be found either graphically or 
analytically. Usually an analytic solution will require the solution of two simultane- 
ous equations [Sample Prob. 15.7]. However, by first considering the components 
of the various vectors in a direction perpendicular to one of the unknown vectors, 
you may be able to obtain an equation in a single unknown. 


One of the two vectors obtained by the method just described will be (ag,4);, from 
which you can compute a. Once @ has been found, the vector equation can be 
used to determine the acceleration of any other point of the body. 

c. A full vector approach can also be used to solve the vector equation. This 
is illustrated in Sample Prob. 15.8. 


4. The analysis of plane motion in terms of a parameter completed this les- 
son. This method should be used only if it is possible to express the coordinates 
x and y of all significant points of the body in terms of a single parameter (Sec. 
15.9). By differentiating twice with respect to t the coordinates x and y of a given 
point, you can determine the rectangular components of the absolute velocity and 
absolute acceleration of that point. 


PROBLEMS 


15.105 A 900-mm rod rests on a horizontal table. A force P applied as 
shown produces the following accelerations: ay = 3.6 m/s” to the 
right, a = 6 rad/s” counterclockwise as viewed from above. Deter- 
mine the acceleration (a) of point G, (b) of point B. 


Fig. P15.105 and P15.106 


15.106 In Prob. 15.105, determine the point of the rod that (a) has no 
acceleration, (b) has an acceleration of 2.4 m/s” to the right. 


15.107 A 10-ft steel beam is lowered by means of two cables unwinding at 
the same speed from overhead cranes. As the beam approaches the 
ground, the crane operators apply brakes to slow down the unwind- 
ing motion. At the instant considered the deceleration of the cable 
attached at A is 12 ft/s”, while that of the cable at B is 5 ft/s”. Deter- 
mine (a) the angular acceleration of the beam, (b) the acceleration 
of point C. 


15.108 The acceleration of point C is 1 ft/s> downward and the angular 
acceleration of the beam is 0.8 rad/s” clockwise. Knowing that the 
angular velocity of the beam is zero at the instant considered, 
determine the acceleration of each cable. 


15.109 and 15.110 Bar BDE is attached to two links AB and CD. 
Knowing that at the instant shown link AB has zero angular accel- 
eration and an angular velocity of 3 rad/s clockwise, determine the 
acceleration (a) of point D, (b) of point E. 


. of | | 
lf 


Fig. P15.107 and P15.108 
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966 Kinematics of Rigid Bodies 15.111 An automobile travels to the left at a constant speed of 48 mi/h. 
Knowing that the diameter of the wheel is 22 in., determine the 
acceleration (a) of point B, (b) of point C, (c) of point D. 


Fig. P15.111 


15.112 A carriage C is supported by a caster A and a cylinder B, each of 
50-mm diameter. Knowing that at the instant shown the carriage 
has an acceleration of 2.4 m/s” and a velocity of 1.5 m/s, both 
directed to the left, determine (a) the angular accelerations of the 
caster and of the cylinder, (b) the accelerations of the centers of 
the caster and of the cylinder. 


15.113 The motion of the 75-mm-radius cylinder is controlled by the cord 
shown. Knowing that end E of the cord has a velocity of 300 mm/s 
and an acceleration of 480 mm/s”, both directed upward, deter- 
mine the acceleration (a) of point A, (b) of point B. 


15.114 The motion of the 75-mm-radius cylinder is controlled by the cord 
shown. Knowing that end E of the cord has a velocity of 300 mm/s 
and an acceleration of 480 mm/s”, both directed upward, deter- 
mine the accelerations of points C and D of the cylinder. 


15.115 and 15.116 A 3-in.-radius drum is rigidly attached to a 5-in.- 
radius drum as shown. One of the drums rolls without sliding 
on the surface shown, and a cord is wound around the other 
drum. Knowing that at the instant shown end D of the cord has 
a velocity of 8 in./s and an acceleration of 30 in./s”, both directed 
to the left, determine the accelerations of points A, B, and C of 
the drums. 


Fig. P15.113 and P15.114 


Fig. P15.115 Fig. P15.116 


15.117 The 150-mm-radius drum rolls without slipping on a belt that 


15.118 


15.119 


moves to the left with a constant velocity of 300 mm/s. At an 
instant when the velocity and acceleration of the center D of the 
drum are as shown, determine the accelerations of points A, B, 
and C of the drum. 


750 mm/s 
— > 
—P 
900 mm/s? 


—— 
300 mm/s 


Fig. P15.117 


The 18-in.-radius flywheel is rigidly attached to a 1.5-in.-radius 
shaft that can roll along parallel rails. Knowing that at the instant 
shown the center of the shaft has a velocity of 1.2 in./s and an 
acceleration of 0.5 in./s”, both directed down to the left, determine 
the acceleration (a) of point A, (b) of point B. 


In the planetary gear system shown the radius of gears A, B, C, 
and D is 3 in. and the radius of the outer gear E is 9 in. Knowing 
that gear A has a constant angular velocity of 150 rpm clockwise 
and that the outer gear E is stationary, determine the magnitude 
of the acceleration of the tooth of gear D that is in contact with 
(a) gear A, (b) gear E. 


15.120 The disk shown has a constant angular velocity of 500 rpm coun- 


15.121 


terclockwise. Knowing that rod BD is 250 mm long, determine the 
acceleration of collar D when (a) 6 = 90°, (b) 6 = 180°. 


aa 


50 mm 


Fig. P15.120 


In the two-cylinder air compressor shown the connecting rods BD 
and BE are each 190 mm long and crank AB rotates about the fixed 
point A with a constant angular velocity of 1500 rpm clockwise. 
Determine the acceleration of each piston when 6 = 0. 


Fig. P15.121 
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968 Kinematics of Rigid Bodies 15.122 Arm AB has a constant angular velocity of 16 rad/s counterclock- 
wise. At the instant when 6 = 0, determine the acceleration (a) of 
collar D, (b) of the midpoint G of bar BD. 


Fig. P15.122, P15.123, and P15.124 


15.123 Arm AB has a constant angular velocity of 16 rad/s counter- 
clockwise. At the instant when 60 = 90°, determine the acceleration 
(a) of collar D, (b) of the midpoint G of bar BD. 


15.124 Arm AB has a constant angular velocity of 16 rad/s counter- 
clockwise. At the instant when 6 = 60°, determine the acceleration 
of collar D. 


15.125 Knowing that crank AB rotates about point A with a constant 
angular velocity of 900 rpm clockwise, determine the acceleration 
of the piston P when 6 = 60°. 


15.126 Knowing that crank AB rotates about point A with a constant 
angular velocity of 900 rpm clockwise, determine the acceleration 
Fig. P15.125 and P15.126 of the piston P when 6 = 120°. 


15.127 Knowing that at the instant shown rod AB has zero angular accel- 
eration and an angular velocity of 15 rad/s counterclockwise, deter- 
mine (a) the angular acceleration of arm DE, (b) the acceleration 
of point D. 


= | 5 in. i 5 in. i 


Fig. P15.127 and P15.128 


15.128 Knowing that at the instant shown rod AB has zero angular accel- 
eration and an angular velocity of 15 rad/s counterclockwise, deter- 
mine (a) the angular acceleration of member BD, (b) the acceleration 
of point G. 


15.129 Knowing that at the instant shown rod AB has a constant angu- 
lar velocity of 6 rad/s clockwise, determine the acceleration of 
point D. 


15.130 Knowing that at the instant shown rod AB has a constant angular 
velocity of 6 rad/s clockwise, determine (a) the angular accelera- 
Fig. P15.129 and P15.130 tion of member BDE, (b) the acceleration of point E. 


[. 225 mm dl 225 mm ——| 


15.131 


15.132 


15.133 


15.135 


15.137 


Knowing that at the instant shown rod AB has zero angular accel- 
eration and an angular velocity wo clockwise, determine (a) the 
angular acceleration of arm DE, (b) the acceleration of point D. 


At the instant shown rod AB has zero angular acceleration and 
an angular velocity of 8 rad/s clockwise. Knowing that / = 0.3 m, 
determine the acceleration of the midpoint C of member BD. 


and 15.134 Knowing that at the instant shown bar AB has a 
constant angular velocity of 4 rad/s clockwise, determine the angu- 
lar acceleration (a) of bar BD, (b) of bar DE. 


mm 


|< 


mm 


Fig. P15.133 and P15.135 


and 15.136 Knowing that at the instant shown bar AB has an 
angular velocity of 4 rad/s and an angular acceleration of 2 rad/s”, 
both clockwise, determine the angular acceleration (a) of bar BD, 
(b) of bar DE by using the vector approach as is done in Sample 
Prob. 15.8. 


Denoting by rq the position vector of a point A of a rigid slab that 
is in plane motion, show that (a) the position vector r¢ of the 
instantaneous center of rotation is 
@ xX VA 
=i — 
ro) 


Where w is the angular velocity of the slab and vy is the velocity 
of point A, (b) the acceleration of the instantaneous center of rota- 
tion is zero if, and only if, 


a 
ay =—vwtoxvwy 
w 


where @ = ak is the angular acceleration of the slab. 
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Fig. P15.131 and P15.132 


Bin oe 
) 


E 
Fig. P15.134 and P15.136 


Yel 


Fig. P15.137 


970 Kinematics of Rigid Bodies *15.138 The wheels attached to the ends of rod AB roll along the surfaces 
shown. Using the method of Sec. 15.9, derive an expression for the 
angular velocity of the rod in terms of vz, 0, 1, and B. 


Fig. P15.138 and P15.139 


*15.139 The wheels attached to the ends of rod AB roll along the surfaces 
@ shown. Using the method of Sec. 15.9 and knowing that the accel- 
eration of wheel B is zero, derive an expression for the angular 

acceleration of the rod in terms of vz, 0, 1, and B. 


*15.140 The drive disk of the Scotch crosshead mechanism shown has an 
angular velocity # and an angular acceleration a, both directed 
counterclockwise. Using the method of Sec. 15.9, derive expres- 

Fig. P15.140 sions for the velocity and acceleration of point B. 


*15.141 Rod AB moves over a small wheel at C while end A moves to the 
right with a constant velocity v4. Using the method of Sec. 15.9, 
derive expressions for the angular velocity and angular acceleration 


of the rod. 


Fig. P15.141 and P15.142 


*15.142 Rod AB moves over a small wheel at C while end A moves to the 
right with a constant velocity v4. Using the method of Sec. 15.9, 
derive expressions for the horizontal and vertical components of the 
velocity of point B. 


*15.143 A disk of radius r rolls to the right with a constant velocity v. Denot- 
ing by P the point of the rim in contact with the ground at t = 0, 
derive expressions for the horizontal and vertical components of the 
velocity of P at any time t. 


*15.144 At the instant shown, rod AB rotates with an angular velocity w 15.10 Rate of Change of a Vector with Q'7 ] 
; . : Respect to a Rotating Frame 
and an angular acceleration a, both clockwise. Using the method 
of Sec. 15.9, derive expressions for the velocity and acceleration of 
point C. 


Fig. P15.144 and P15.145 


*75.145 At the instant shown, rod AB rotates with an angular velocity @ 
and an angular acceleration a, both clockwise. Using the method 
of Sec. 15.9, derive expressions for the horizontal and vertical com- 
ponents of the velocity and acceleration of point D. 


*15.146 The position of rod AB is controlled by a disk of radius r which is 
attached to yoke CD. Knowing that the yoke moves vertically 
upward with a constant velocity vo, derive an expression for the 


angular acceleration of rod AB. Fig. P15.146 
*15.147 In Prob. 15.146, derive an expression for the angular acceleration y 
of rod AB. 


*15.148 A wheel of radius r rolls without slipping along the inside of a fixed 
cylinder of radius R with a constant angular velocity @. Denoting 
by P the point of the wheel in contact with the cylinder at t = 0, 
derive expressions for the horizontal and vertical components of 
the velocity of P at any time ¢. (The curve described by point P is 
a hypocycloid.) 


*15.149 In Prob. 15.148, show that the path of P is a vertical straight line 
when r = R/2. Derive expressions for the corresponding velocity 
and acceleration of P at any time t. Fig. P15.148 


15.10 RATE OF CHANGE OF A VECTOR WITH 
RESPECT TO A ROTATING FRAME 


We saw in Sec. 11.10 that the rate of change of a vector is the same 
with respect to a fixed frame and with respect to a frame in transla- 
tion. In this section, the rates of change of a vector Q with respect 
to a fixed frame and with respect to a rotating frame of reference 
will be considered.¢ You will learn to determine the rate of change 
of Q with respect to one frame of reference when Q is defined by 
its components in another frame. 


fIt is recalled that the selection of a fixed frame of reference is arbitrary. Any frame Photo 15.7 A geneva mechanism is used to 
may be designated as “fixed”; all others will then be considered as moving. convert rotary motion into intermittent motion. 
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Fig. 15.26 


Consider two frames of reference centered at O, a fixed frame 
OXYZ and a frame Oxyz which rotates about the fixed axis OA; let 
Q denote the angular velocity of the frame Oxyz at a given instant 
(Fig. 15.26). Consider now a vector function Q(¢) represented by the 
vector Q attached at O; as the time ¢ varies, both the direction and 
the magnitude of Q change. Since the variation of Q is viewed dif- 
ferently by an observer using OXYZ as a frame of reference and by 
an observer using Oxyz, we should expect the rate of change of Q to 
depend upon the frame of reference which has been selected. There- 
fore, the rate of change of Q with respect to the fixed frame OXYZ 
will be denoted by (Q)oxyz, and the rate of change of Q with respect 
to the rotating frame Oxyz will be denoted by (Q)oxy:. We propose to 
determine the relation existing between these two rates of change. 

Let us first resolve the vector Q into components along the x, y, 
and z axes of the rotating frame. Denoting by i, j, and k the corre- 
sponding unit vectors, we write 


Q= 01+ 0,j + Ok (15.27) 
Differentiating (15.27) with respect to ¢ and considering the unit 
vectors i, j, k as fixed, we obtain the rate of change of Q with respect 
to the rotating v= a 


O)onge = = 0, a+ Qi aD on k (15.28) 


To obtain the rate of change of Q with respect to the fixed 
frame OXYZ, we must consider the unit vectors i, j, k as variable 
when differentiating (15.27). We therefore write 


dk 
(Q) oxyz = = Qi + Qyj + Q.k + oF + oD 4 QO. i (15.29) 


Recalling (15.28), we observe that the sum of the first three terms 
in the right-hand member of (15.29) represents the rate of change 
(Q)oxy:. We note, on the other hand, that the rate of change (Q)oyz 
would reduce to the last three terms in (15.29) if the vector Q were 
fixed within the frame Oxyz, since (Qhow: would then be zero. But 
in that case, (Q)oxyz would represent the velocity of a particle located 
at the tip of Q and belonging to a body rigidly attached to the frame 
Oxyz. Thus, the last three terms in (15.29) represent the velocity of 
that particle; since the frame Oxyz has an angular velocity Q with 
respect to OXYZ at the instant considered, we write, by (15.5), 
di, dj eer 
Ox dt ' Oy dt myo “ Q (15.30) 


Substituting from (15.28) and (15.30) into (15.29), we obtain the 
fundamental relation 


Q)owz = Q)oxy: +Q2xQ (15.31) 


We conclude that the rate of change of the vector Q with respect to 
the fixed frame OXYZ is made of two parts: The first part represents 
the rate of change of Q with respect to the rotating frame Oxyz; the 
second part, © x Q, is induced by the rotation of the frame Oxyz. 


The use of relation (15.31) simplifies the determination of the 
rate of change of a vector Q with respect to a fixed frame of refer- 
ence OXYZ when the vector Q is defined by its components along 
the axes of a rotating frame Oxyz, since this relation does not require 
the separate computation of the derivatives of the unit vectors defin- 
ing the orientation of the rotating frame. 


15.11 PLANE MOTION OF A PARTICLE RELATIVE TO 
A ROTATING FRAME. CORIOLIS ACCELERATION 


Consider two frames of reference, both centered at O and both in the 
plane of the figure, a fixed frame OXY and a rotating frame Oxy (Fig. 
15.27). Let P be a particle moving in the plane of the figure. The 
position vector r of P is the same in both frames, but its rate of change 
depends upon the frame of reference which has been selected. 

The absolute velocity vp of the particle is defined as the velocity 
observed from the fixed frame OXY and is equal to the rate of change 
(roxy of r with respect to that frame. We can, however, express vp in 
terms of the rate of change (1)o,, observed from the rotating frame if 
we make use of Eq. (15.31). Denoting by Q the angular velocity of the 
frame Oxy with respect to OXY at the instant considered, we write 


Ve = (roxy =QOx*%r+t (Tony (15.32) 


But (1)o,, defines the velocity of the particle P relative to the rotating 
frame Oxy. Denoting the rotating frame by # for short, we represent 
the velocity (1)o,, of P relative to the rotating frame by vp. Let us 
imagine that a rigid slab has been attached to the rotating frame. 
Then vp represents the velocity of P along the path that it describes 
on that slab (Fig. 15.28), and the term © X r in (15.32) represents 
the velocity vp: of the point P’ of the slab—or rotating frame—which 
coincides with P at the instant considered. Thus, we have 


Vp = Vp + Vp (15.33) 


where vp = absolute velocity of particle P 
vp = velocity of point P’ of moving frame ¥ coinciding with P 
vege = velocity of P relative to moving frame ¥ 


The absolute acceleration ap of the particle is defined as the 
rate of change of vp with respect to the fixed frame OXY. Computing 
the rates of change with respect to OXY of the terms in (15.32), 
we write 

‘ . bg. Wee 
ap = Vp — QOxr+Qxrt aut ow! (15.34) 
where all derivatives are defined with respect to OXY, except where 
indicated otherwise. Referring to Eq. (15.31), we note that the last 
term in (15.34) can be expressed as 


d 


aut ow! = (F) oxy +Qx (1) oxy 
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Rotating Frame. Coriolis Acceleration 


O 
\V4 . 
Q 
Fig. 15.27 


Vprg = oxy 


Fig. 15.28 
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a, =2QXVvpjg | 


Fig. 15.29 


On the other hand, r represents the velocity vp and can be replaced 
by the right-hand member of Eq. (15.32). After completing these 
two substitutions into (15.34), we write 


(15.35) 


Referring to the expression (15.8) obtained in Sec. 15.3 for the accel- 
eration of a particle in a rigid body rotating about a fixed axis, we 
note that the sum of the first two terms represents the acceleration 
ap: of the point P’ of the rotating frame which coincides with P at 
the instant considered. On the other hand, the last term defines the 
acceleration apg of P relative to the rotating frame. If it were not 
for the third term, which has not been accounted for, a relation 
similar to (15.33) could be written for the accelerations, and ap could 
be expressed as the sum of ap: and apg. However, it is clear that 
such a relation would be incorrect and that we must include the 
additional term. This term, which will be denoted by a,, is called the 
complementary acceleration, or Coriolis acceleration, after the French 
mathematician de Coriolis (1792-1843). We write 


(15.36) 


where ap = absolute acceleration of particle P 
ap = acceleration of point P’ of moving frame # coinciding 
with P 
apg = acceleration of P relative to moving frame ¥ 
a, = 20. X (roy = 20 X vag 
= complementary, or Coriolis, acceleration 


We note that since point P’ moves in a circle about the origin 
O, its acceleration ap: has, in general, two components: a component 
(ap’), tangent to the circle, and a component (ap’),, directed toward 
O. Similarly, the acceleration apg generally has two components: a 
component (apg), tangent to the path that P describes on the rotating 
slab, and a component (ap,g), directed toward the center of curvature 
of that path. We further note that since the vector © is perpendicular 
to the plane of motion, and thus to vpg, the magnitude of the Coriolis 
acceleration a, = 2Q X vp,g is equal to 2Qvp,z, and its direction can 
be obtained by rotating the vector vp through 90° in the sense of 
rotation of the moving frame (Fig. 15.29). The Coriolis acceleration 
reduces to zero when either Q or vp is zero. 

The following example will help in understanding the physical 


meaning of the Coriolis acceleration. Consider a collar P which is 


tIt is important to note the difference between Eq. (15.36) and Eq. (15.21) of Sec. 15.8. 
When we wrote 
ag = aq + apa (15.21) 


in Sec. 15.8, we were expressing the absolute acceleration of point B as the sum of its 
acceleration ag,, relative to a frame in translation and of the acceleration a, of a point 

of that frame. We are now trying to relate the absolute acceleration of point P to its 
acceleration apg relative to a rotating frame ¥ and to the acceleration ap: of the point P’ 
of that frame which coincides with P; Eq. (15.36) shows that because the frame is rotating, 
it is necessary to include an additional term representing the Coriolis acceleration a,. 


made to slide at a constant relative speed u along a rod OB rotating 
at a constant angular velocity w about O (Fig. 15.30a). According to 
formula (15.36), the absolute acceleration of P can be obtained by 
adding vectorially the acceleration a, of the point A of the rod coin- 
ciding with P, the relative acceleration apjogz of P with respect to the 
rod, and the Coriolis acceleration a,. Since the angular velocity w of 
the rod is constant, a, reduces to its normal component (a,), of mag- 
nitude rw”; and since u is constant, the relative acceleration apyop is 
zero. According to the definition given above, the Coriolis accelera- 
tion is a vector perpendicular to OB, of magnitude 2 u, and directed 
as shown in the figure. The acceleration of the collar P consists, 
therefore, of the two vectors shown in Fig. 15.30a. Note that the 
result obtained can be checked by applying the relation (11.44). 

To understand better the significance of the Coriolis acceleration, 
let us consider the absolute velocity of P at time ¢ and at time t + At 
(Fig. 15.30b). The velocity at time ¢t can be resolved into its compo- 
nents u and vy; the velocity at time t + At can be resolved into its 
components u’ and v4’. Drawing these components from the same 
origin (Fig. 15.30c), we note that the change in velocity during the 
time At can be represented by the sum of three vectors, RR’ ‘ TT", 
and T’T". The vector TT” measures the change in direction of the 
velocity vy, and the quotient TT"/At represents the acceleration a, 


——- 
when At approaches zero. We check that the direction of TT” is that 
of a, when At approaches zero and that 


re ape . 
im = hm v4 —— = rww = Tw" = 4 
At>0 At Aiso 4 At A 


The vector RR’ measures the change in direction of u due to the 
rotation of the rod; the vector TT measures the change in magni- 
tude of v4, due to the motion of P on the rod. The vectors RR’ and 
—> 

T"T’ result from the combined effect of the relative motion of P and 
of the rotation of the rod; they would vanish if either of these two 
motions stopped. It is easily verified that the sum of these two vectors 
defines the Coriolis acceleration. Their direction is that of a, when 
At approaches zero, and since RR’ = u A@ and T"T’ = va — v4 = 
(r + Ar)o — rw = w Ar, we check that a, is equal to 


li AR ee i nes ght) = + ou = 20% 
am At At = a u At OAL = UW WOU =— 4W0U 


Formulas (15.33) and (15.36) can be used to analyze the motion 
of mechanisms which contain parts sliding on each other. They make 
it possible, for example, to relate the absolute and relative motions 
of sliding pins and collars (see Sample Probs. 15.9 and 15.10). The 
concept of Coriolis acceleration is also very useful in the study of 
long-range projectiles and of other bodies whose motions are appre- 
ciably affected by the rotation of the earth. As was pointed out in 
Sec. 12.2, a system of axes attached to the earth does not truly con- 
stitute a newtonian frame of reference; such a system of axes should 
actually be considered as rotating. The formulas derived in this sec- 
tion will therefore facilitate the study of the motion of bodies with 
respect to axes attached to the earth. 


15.11 Plane Motion of a Particle Relative to a 
Rotating Frame. Coriolis Acceleration 


Fig. 15.30 
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SAMPLE PROBLEM 15.9 


The Geneva mechanism shown is used in many counting instruments and 
in other applications where an intermittent rotary motion is required. Disk D 
rotates with a constant counterclockwise angular velocity @p of 10 rad/s. A 
pin P is attached to disk D and slides along one of several slots cut in disk S. 
It is desirable that the angular velocity of disk § be zero as the pin enters 
and leaves each slot; in the case of four slots, this will occur if the distance 
between the centers of the disks is 1] = V2 R. 

At the instant when @ = 150°, determine (a) the angular velocity of 
disk S, (b) the velocity of pin P relative to disk S. 


SOLUTION 


We solve triangle OPB, which corresponds to the position ¢ = 150°. Using 
the law of cosines, we write 


r? = R? + I? — 2RI cos 30° = 0.551R? —s r = 0.742R = 37.1 mm 
From the law of sines, 
sinB sin 30° sin 30° 


R r sin B = 0.749 B = 42.4 


Since pin P is attached to disk D, and since disk D rotates about point B, 
the magnitude of the absolute velocity of P is 


vp = Rap = (50 mm)(10 rad/s) = 500 mm/s 
vp = 500 mm/s & 60° 


We consider now the motion of pin P along the slot in disk S. Denoting by 
P' the point of disk S which coincides with P at the instant considered and 
selecting a rotating frame S attached to disk S, we write 


Vp = Vp + Ves 


Noting that vp: is perpendicular to the radius OP and that vp is directed 
along the slot, we draw the velocity triangle corresponding to the equation 
above. From the triangle, we compute 


y= OP = ae — oo? = Io” 
Up = vp sin y = (500 mm/s) sin 17.6° 
vp = 151.2 mm/s h 42.4° 
Ope = vpcos y = (500 mm/s) cos 17.6° 
Vie = Vee = 41 mim/sea 4040 


Since vp: is perpendicular to the radius OP, we write 


Up = re 151.2 mm/s = (37.1 mm)we 
@s = we = 4.08 rad/s) <4 
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424° 


(ap), = 618 mm/s? 


a, = 3890 mm/s? 


ap = 5000 mm? 


SAMPLE PROBLEM 15.10 


In the Geneva mechanism of Sample Prob. 15.9, disk D rotates with a con- 
stant counterclockwise angular velocity wp of 10 rad/s. At the instant when 
¢ = 150°, determine the angular acceleration of disk S. 


SOLUTION 


Referring to Sample Prob. 15.9, we obtain the angular velocity of the frame 
S attached to disk S and the velocity of the pin relative to S: 
@e = 4.08 rad/s ) 
B=424° — vpe = 477 mm/s F 42.42 


Since pin P moves with respect to the rotating frame S, we write 
ap = ap + ape + a, (1) 
Each term of this vector equation is investigated separately. 


Absolute Acceleration ap. Since disk D rotates with a constant angular 
velocity, the absolute acceleration ap is directed toward B. We have 
dp = Rw» = (500 mm)(10 rad/s)? = 5000 mm/s” 
ap = 5000 mm/s” SG 30° 
Acceleration ap: of the Coinciding Point P’. The acceleration ap: of the 
point P’ of the frame S which coincides with P at the instant considered is 
resolved into normal and tangential components. (We recall from Sample 
Prob. 15.9 that r = 37.1 mm.) 
(ap), = roe = (37.1 mm)(4.08 rad/s)? = 618 mm/s” 
(ap), = 618 mm/s” 7 42.4° 
Ge ae — oT laan eon lan tot 
Relative Acceleration aps. Since the pin P moves in a straight slot cut in 


disk S, the relative acceleration ap must be parallel to the slot; ie., its 
direction must be — 42.4°. 


Coriolis Acceleration a,. Rotating the relative velocity vpe through 90° in 
the sense of ws, we obtain the direction of the Coriolis component of the 
acceleration: | 42.4°. We write 


A, = 2Wevpe = 2(4.08 rad/s)(477 mm/s) = 3890 mm/s” 
a, = 3890 mm/s” | 42.4° 


We rewrite Eq. (1) and substitute the accelerations found above: 


ap = (ap), + (ap), + ape + a, 
[5000 “& 30°] = [618 & 42.4°] + [37.lae fv 42.4°] 
+ [ape @ 42.4°] + [3890 V 42.4°] 
Equating components in a direction perpendicular to the slot, 


5000 cos 17.6° = 37.la¢ — 3890 
Qs = ae = 233 rad/s’) <4 
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SOLVING SPROBLEMS 
JN YOUR OWN 


ik this lesson you studied the rate of change of a vector with respect to a rotat- 
ing frame and then applied your knowledge to the analysis of the plane motion 
of a particle relative to a rotating frame. 


1. Rate of change of a vector with respect to a fixed frame and with respect 
to a rotating frame. Denoting by (Q)oxyz the rate of change of a vector Q with 
respect to a fixed frame OXYZ and by (Q)ox,z its rate of change with respect to a 
rotating frame Oxyz, we obtained the fundamental relation 


(Q)oxyz = (Qhory: + Q X Q (15.31) 


where Q is the angular velocity of the rotating frame. 


This fundamental relation will now be applied to the solution of two-dimensional 
problems. 


2. Plane motion of a particle relative to a rotating frame. Using the above 
fundamental relation and designating by ¥ the rotating frame, we obtained the 
following expressions for the velocity and the acceleration of a particle P: 


Vp = Vp: + VpP/F (15.33) 
ap — ap te apg os ay (15.36) 


In these equations: 

a. The subscript P refers to the absolute motion of the particle P, that is, to its 
motion with respect to a fixed frame of reference OXY. 

b. The subscript P’ refers to the motion of the point P’ of the rotating frame 
% which coincides with P at the instant considered. 

c. The subscript P/ refers to the motion of the particle P relative to the rotat- 
ing frame #. 

d. The term a, represents the Coriolis acceleration of point P. Its magnitude 
is 2Qvp, and its direction is found by rotating vpg through 90° in the sense of 
rotation of the frame &. 


You should keep in mind that the Coriolis acceleration should be taken into account 
whenever a part of the mechanism you are analyzing is moving with respect to 
another part that is rotating. The problems you will encounter in this lesson involve 
collars that slide on rotating rods, booms that extend from cranes rotating in a 
vertical plane, etc. 


When solving a problem involving a rotating frame, you will find it convenient to 
draw vector diagrams representing Eqs. (15.33) and (15.36), respectively, and use 
these diagrams to obtain either an analytical or a graphical solution. 


PROBLEMS 


15.150 and 15.151 Two rotating rods are connected by slider block P. 
The rod attached at A rotates with a constant angular velocity wy. 
For the given data, determine for the position shown (a) the angu- 
lar velocity of the rod attached at B, (b) the relative velocity of 
slider block P with respect to the rod on which it slides. 
15.150 b = 8 in., ws = 6 rad/s. 
15.151 b = 300 mm, a, = 10 rad/s. 


Fig. P15.150 and P15.152 


15.152 and 15.153 Two rotating rods are connected by slider block P. 
The velocity vo of the slider block relative to the rod is constant 
and is directed outwards. For the given data, determine the angu- Fig. P15.151 and P15.153 
lar velocity of each rod in the position shown. 

15.152 b = 300 mn, vy, = 480 mm/s. 
15.153 b = 8 in, v = 9 ins. 


Fig. P15.154 and P15.155 


15.154 and 15.155 Pin P is attached to the collar shown; the motion 
of the pin is guided by a slot cut in rod BD and by the collar that 
slides on rod AE. Knowing that at the instant considered the rods 
rotate clockwise with constant angular velocities, determine for 
the given data the velocity of pin F. 

15.154 waz = 4 rad/s, w)q = 1.5 rad/s. 
15.155 @,, = 3.5 rad/s, wgp = 2.4 rad/s. 
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15.158 


15.160 


Fig. P15.158 


5 in. 


15.161 
F 


15.162 


Fig. P15.162 and P15.163 


and 15.157 Two rods AE and BD pass through holes drilled 
into a hexagonal block. (The holes are drilled in different planes 
so that the rods will not touch each other.) Knowing that at the 
instant considered rod AE rotates counterclockwise with a con- 
stant angular velocity w, determine, for the given data, the relative 
velocity of the block with respect to each rod. 

15.156 (a) 6 = 90°, (b) 6 = 60°. 

15.157 6 = 45°. 


Four pins slide in four separate slots cut in a circular plate as shown. 
When the plate is at rest, each pin has a velocity directed as shown 
and of the same constant magnitude wu. If each pin maintains the 
same velocity relative to the plate when the plate rotates about O 
with a constant counterclockwise angular velocity «, determine the 
acceleration of each pin. 


15.159 Solve Prob. 15.158, assuming that the plate rotates about O with 


a constant clockwise angular velocity @. 


At the instant shown the length of the boom AB is being decreased 
at the constant rate of 0.2 m/s and the boom is being lowered at the 
constant rate of 0.08 rad/s. Determine (a) the velocity of point B, 
(b) the acceleration of point B. 


Fig. P15.160 and P15.161 


At the instant shown the length of the boom AB is being increased 
at the constant rate of 0.2 m/s and the boom is being lowered at the 
constant rate of 0.08 rad/s. Determine (a) the velocity of point B, 
(b) the acceleration of point B. 


and 15.163 The sleeve BC is welded to an arm that rotates 
about A with a constant angular velocity w. In the position shown 
rod DF is being moved to the left at a constant speed u = 16 in./s 
relative to the sleeve. For the given angular velocity w, determine 
the acceleration (a) of point D, (b) of the point of rod DF that coin- 
cides with point E. 

15.162 w = (3 rad/s) i. 

15.163 w = (3 rad/s) j. 


15.164 


15.165 


15.166 


15.167 


15.168 


15.170 


15.171 


The cage of a mine elevator moves downward at a constant speed 
of 40 ft/s. Determine the magnitude and direction of the Coriolis 
acceleration of the cage if the elevator is located (a) at the equator, 
(b) at latitude 40° north, (c) at latitude 40° south. 


A rocket sled is tested on a straight track that is built along a merid- 
ian. Knowing that the track is located at latitude 40° north, deter- 
mine the Coriolis acceleration of the sled when it is moving north 
at a speed of 900 km/h. 


The motion of nozzle D is controlled by arm AB. At the instant 
shown the arm is rotating counterclockwise at the constant rate w = 
2.4 rad/s and portion BC is being extended at the constant rate u = 
10 in./s with respect to the arm. For each of the arrangements shown, 
determine the acceleration of the nozzle D. 


Solve Prob. 15.166, assuming that the direction of the relative 
velocity u is reversed so that portion BD is being retracted. 


and 15.169 A chain is looped around two gears of radius 40 mm 
that can rotate freely with respect to the 320-mm arm AB. The 
chain moves about arm AB in a clockwise direction at the constant 
rate of 80 mm/s relative to the arm. Knowing that in the position 
shown arm AB rotates clockwise about A at the constant rate w = 
0.75 rad/s, determine the acceleration of each of the chain links 
indicated. 

15.168 Links 1 and 2. 

15.169 Links 3 and 4. 


Rod AB of length R rotates about A with a constant clockwise 
angular velocity a. At the same time, rod BD of length r rotates 
about B with a constant counterclockwise angular velocity w, with 
respect to rod AB. Show that if @&2 = 2a, the acceleration of point 
D passes through point A. Further show that this result is inde- 
pendent of R, r, and 0. 


Fig. P15.170 and P15.171 


Rod AB of length R = 15 in. rotates about A with a constant 
clockwise angular velocity @, of 5 rad/s. At the same time, rod BD 
of length r = 8 in. rotates about B with a constant counterclock- 
wise angular velocity @. of 3 rad/s with respect to rod AB. Know- 
ing that 6 = 60°, determine for the position shown the acceleration 
of point D. 


Problems 98 ] 


Sin. ~ - " 
D 


6=66=6I6- 


160 mm a 160 mm 
Fig. P15.168 and P15.169 


982 Kinematics of Rigid Bodies 15.172 The collar P slides outward at a constant relative speed u along 
rod AB, which rotates counterclockwise with a constant angular 
velocity of 20 rpm. Knowing that r = 250 mm when @ = 0 and 
that the collar reaches B when 0 = 90°, determine the magnitude 
of the acceleration of the collar P just as it reaches B. 


Fig. P15.172 


15.173 Pin P slides in a circular slot cut in the plate shown at a constant 
relative speed u = 90 mm/s. Knowing that at the instant shown 
the plate rotates clockwise about A at the constant rate w = 3 rad/s, 
determine the acceleration of the pin if it is located at (a) point A, 
(b) point B, (c) point C. 


Fig. P15.173 and P15.174 


15.174 Pin P slides in a circular slot cut in the plate shown at a constant 
relative speed u = 90 mm/s. Knowing that at the instant shown 
the angular velocity w of the plate is 3 rad/s clockwise and is 
decreasing at the rate of 5 rad/s”, determine the acceleration of the 
pin if it is located at (a) point A, (b) point B, (c) point C. 


15.175 and 15.176 Knowing that at the instant shown the rod attached 
at B rotates with a constant counterclockwise angular velocity ws 
of 6 rad/s, determine the angular velocity and angular acceleration 
of the rod attached at A. 


F 0.4m “| 


[- 0.4m | 


Fig. P15.175 Fig. P15.176 


15.177 At the instant shown bar BC has an angular velocity of 3 rad/s and 
an angular acceleration of 2 rad/s”, both counterclockwise, deter- 
mine the angular acceleration of the plate. 


| 4 in —-|. 6 in. 


Fig. P15.177 and P15.178 


15.178 At the instant shown bar BC has an angular velocity of 3 rad/s and 
an angular acceleration of 2 rad/s”, both clockwise, determine the 
angular acceleration of the plate. 


15.179 The Geneva mechanism shown is used to provide an intermittent 
rotary motion of disk S$. Disk D rotates with a constant counter- 
clockwise angular velocity wp of 8 rad/s. A pin P is attached to disk 
D and can slide in one of the six equally spaced slots cut in disk S. 
It is desirable that the angular velocity of disk S be zero as the pin 
enters and leaves each of the six slots; this will occur if the distance 
between the centers of the disks and the radii of the disks are 
related as shown. Determine the angular velocity and angular accel- 
eration of disk S$ at the instant when @ = 150°. 


Rs = V3Rp 
Disk S 


Disk D 
when @ = 120° 


Fig. P15.179 


15.180 In Prob. 15.179, determine the angular velocity and angular accel- 
eration of disk S at the instant when @ = 135°. 


15.181 The disk shown rotates with a constant clockwise angular velocity 
of 12 rad/s. At the instant shown, determine (a) the angular veloc- 
ity and angular acceleration of rod BD, (b) the velocity and accel- 
eration of the point of the rod coinciding with E. 


Fig. P15.181 
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984 Kinematics of Rigid Bodies *15.182 Rod AB passes through a collar which is welded to link DE. Know- 
ing that at the instant shown block A moves to the right at a con- 
stant speed of 75 in./s, determine (a) the angular velocity of rod AB, 
(b) the velocity relative to the collar of the point of the rod in con- 
tact with the collar, (c) the acceleration of the point of the rod in 
contact with the collar. (Hint: Rod AB and link DE have the same 
w and the same a.) 


Fig. P15.182 


*15.183 Solve Prob. 15.182 assuming block A moves to the left at a constant 
speed of 75 in./s. 


*15.12 MOTION ABOUT A FIXED POINT 


In Sec. 15.3 the motion of a rigid body constrained to rotate about 
a fixed axis was considered. The more general case of the motion of 
a rigid body which has a fixed point O will now be examined. 

First, it will be proved that the most general displacement of a 
rigid body with a fixed point O is equivalent to a rotation of the body 
about an axis through O.+ Instead of considering the rigid body 
itself, we can detach a sphere of center O from the body and analyze 
the motion of that sphere. Clearly, the motion of the sphere com- 
pletely characterizes the motion of the given body. Since three points 
define the position of a solid in space, the center O and two points 
A and B on the surface of the sphere will define the position of the 
sphere and thus the position of the body. Let A; and B, characterize 
the position of the sphere at one instant, and let Az and By character- 
ize its position at a later instant (Fig. 15.31la). Since the sphere is 
rigid, the lengths of the arcs of great circle A;B, and AsBz must be 
equal, but except for this requirement, the positions of Aj, A», Bj, 
and By are arbitrary. We propose to prove that the points A and B 
can be brought, respectively, from A; and B, into Ay and By by a 
single rotation of the sphere about an axis. 

For convenience, and without loss of generality, we select point B 
so that its initial position coincides with the final position of A; thus, 
B, = Ag (Fig. 15.31b). We draw the arcs of great circle AjAs, ABs 
and the arcs bisecting, respectively, AjAy and ABs. Let C be the 
point of intersection of these last two arcs; we complete the construc- 
tion by drawing A,C, AC, and BsC. As pointed out above, because 
of the rigidity of the sphere, AjB; = AsBy. Since C is by construction 
equidistant from Aj, As, and Bs, we also have AC = AsC = BC. 


+This is known as Euler’s theorem. 


As a result, the spherical triangles ACA, and B,CBy are congruent 
and the angles A;CA, and B,CBy, are equal. Denoting by 6 the com- 
mon value of these angles, we conclude that the sphere can be brought 
from its initial position into its final position by a single rotation 
through @ about the axis OC. 

It follows that the motion during a time interval At of a rigid 
body with a fixed point O can be considered as a rotation through 
A@ about a certain axis. Drawing along that axis a vector of magni- 
tude A6/At and letting At approach zero, we obtain at the limit the 
instantaneous axis of rotation and the angular velocity w of the body 
at the instant considered (Fig. 15.32). The velocity of a particle P of 
the body can then be obtained, as in Sec. 15.3, by forming the vector 
product of w and of the position vector r of the particle: 


(15.37) 


The acceleration of the particle is obtained by differentiating (15.37) 
with respect to t. As in Sec. 15.3 we have 


(15.38) 


where the angular acceleration @ is defined as the derivative 


_ do 
dt 


a (15.39) 
of the angular velocity @. 

In the case of the motion of a rigid body with a fixed point, the 
direction of w and of the instantaneous axis of rotation changes from 
one instant to the next. The angular acceleration @ therefore reflects 
the change in direction of w as well as its change in magnitude and, 
in general, is not directed along the instantaneous axis of rotation. 
While the particles of the body located on the instantaneous axis of 
rotation have zero velocity at the instant considered, they do not have 
zero acceleration. Also, the accelerations of the various particles of 
the body cannot be determined as if the body were rotating perma- 
nently about the instantaneous axis. 

Recalling the definition of the velocity of a particle with posi- 
tion vector r, we note that the angular acceleration @, as expressed 
in (15.39), represents the velocity of the tip of the vector w. This 
property may be useful in the determination of the angular accelera- 
tion of a rigid body. For example, it follows that the vector @ is tan- 
gent to the curve described in space by the tip of the vector w. 

We should note that the vector # moves within the body, as 
well as in space. It thus generates two cones called, respectively, the 
body cone and the space cone (Fig. 15.33). It can be shown that at 
any given instant, the two cones are tangent along the instantaneous 
axis of rotation and that as the body moves, the body cone appears 
to roll on the space cone. 


tIt is recalled that a cone is, by definition, a surface generated by a straight line passing 
through a fixed point. In general, the cones considered here will not be circular cones. 
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Fig. 15.32 


Space cone 


Fig. 15.33 
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Photo 15.8 When the ladder rotates about its 
fixed base, its angular velocity can be obtained 
by adding the angular velocities which correspond 
to simultaneous rotations about two different axes. 


Before concluding our analysis of the motion of a rigid body 
with a fixed point, we should prove that angular velocities are actually 
vectors. As indicated in Sec. 2.3, some quantities, such as the finite 
rotations of a rigid body, have magnitude and direction but do not 
obey the parallelogram law of addition; these quantities cannot be 
considered as vectors. In contrast, angular velocities (and also infini- 
tesimal rotations), as will be demonstrated presently, do obey the 
parallelogram law and thus are truly vector quantities. 


(a) 
Fig. 15.34 


Consider a rigid body with a fixed point O which at a given 
instant rotates simultaneously about the axes OA and OB with angu- 
lar velocities a, and @, (Fig. 15.34a). We know that this motion must 
be equivalent at the instant considered to a single rotation of angular 
velocity a. We propose to show that 


@ = @, + Ws (15.40) 


ive., that the resulting angular velocity can be obtained by adding w, 
and w» by the parallelogram law (Fig. 15.34). 

Consider a particle P of the body, defined by the position vector 
r. Denoting, respectively, by v,, v2, and v the velocity of P when the 
body rotates about OA only, about OB only, and about both axes 
simultaneously, we write 


v=OX%r Vv, =o@,Xr Vo = @) Xr (15.41) 


But the vectorial character of linear velocities is well established 
(since they represent the derivatives of position vectors). We there- 
fore have 


V=av, + Vo 


where the plus sign indicates vector addition. Substituting from 
(15.41), we write 


@OXr=0,Xrt+@xr 
@®Xr=(@,+@)) Xr 


where the plus sign still indicates vector addition. Since the relation 
obtained holds for an arbitrary r, we conclude that (15.40) must be 
true. 


*15.13 GENERAL MOTION 


The most general motion of a rigid body in space will now be con- 
sidered. Let A and B be two particles of the body. We recall from 
Sec. 11.12 that the velocity of B with respect to the fixed frame of 
reference OXYZ can be expressed as 


Vp — VA Zs VB/A (15.42) 


where vz, is the velocity of B relative to a frame AX'Y'Z’ attached 
to A and of fixed orientation (Fig. 15.35). Since A is fixed in this 
frame, the motion of the body relative to AX'Y'Z’ is the motion of a 
body with a fixed point. The relative velocity vg, can therefore be 
obtained from (15.37) after r has been replaced by the position vector 
rzja Of B relative to A. Substituting for vg, into (15.42), we write 


Wy = NN + @w xX YBa (15.43) 


where @ is the angular velocity of the body at the instant considered. 
The acceleration of B is obtained by a similar reasoning. We 
first write 


ag = ag + apa 


and, recalling Eq. (15.38), 
ag = ay ap (2 28 YBa +@ x (@ x ra) (15.44) 


where q@ is the angular acceleration of the body at the instant 
considered. 

Equations (15.43) and (15.44) show that the most general 
motion of a rigid body is equivalent, at any given instant, to the sum 
of a translation, in which all the particles of the body have the same 
velocity and acceleration as a reference particle A, and of a motion 
in which particle A is assumed to be fixed. 

It is easily shown, by solving (15.43) and (15.44) for v, and ag, 
that the motion of the body with respect to a frame attached to B 
would be characterized by the same vectors w and @ as its motion 
relative to AX'Y'Z'. The angular velocity and angular acceleration of 
a rigid body at a given instant are thus independent of the choice of 
reference point. On the other hand, one should keep in mind that 
whether the moving frame is attached to A or to B, it should maintain 
a fixed orientation; that is, it should remain parallel to the fixed refer- 
ence frame OXYZ throughout the motion of the rigid body. In many 
problems it will be more convenient to use a moving frame which is 
allowed to rotate as well as to translate. The use of such moving 
frames will be discussed in Secs. 15.14 and 15.15. 


tIt is recalled from Sec. 15.12 that, in general, the vectors w and @ are not collinear, 
and that the accelerations of the particles of the body in their motion relative to the 
frame AX'Y'Z’ cannot be determined as if the body were rotating permanently about 
the instantaneous axis through A. 
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Z 
Fig. 15.35 
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SAMPLE PROBLEM 15.11 


The crane shown rotates with a constant angular velocity a, of 0.30 rad/s. 
Simultaneously, the boom is being raised with a constant angular velocity 
@» of 0.50 rad/s relative to the cab. Knowing that the length of the boom 
OP is | = 12 m, determine (a) the angular velocity w of the boom, (b) the 
angular acceleration @ of the boom, (c) the velocity v of the tip of the boom, 
(d) the acceleration a of the tip of the boom. 


SOLUTION 


a. Angular Velocity of Boom. Adding the angular velocity w, of the cab 
and the angular velocity w. of the boom relative to the cab, we obtain the 
angular velocity @ of the boom at the instant considered: 


® =, + @» @ = (0.30 rad/s)j + (0.50 rad/s)k <4 


b. Angular Acceleration of Boom. The angular acceleration @ of the 
boom is obtained by differentiating #. Since the vector is constant in 
magnitude and direction, we have 


where the rate of change @, is to be computed with respect to the fixed 
frame OXYZ. However, it is more convenient to use a frame Oxyz attached 
to the cab and rotating with it, since the vector @» also rotates with the cab 
and therefore has zero rate of change with respect to that frame. Using Eq. 
(15.31) with Q = @, and D = a), we write 


(Qoxyz = ( 
(@s)oxyz = ( neyz 

= (@s)oxyz = 0 + (0.30 rad/s)j X (0.50 rad/s)k 
a = (0.15 rad/s*hi 


c. Velocity of Tip of Boom. Noting that the position vector of point P is 
r = (10.39 m)i + (6 m)j and using the expression found for @ in part a, we 
write 


i j k 
Y= @) r= 0 0.30 rad/s 0.50 rad/s 
10.39 m 6m 0 


v = —(3 m/s)i + (5.20 m/s)j — (3.12 m/s)k “4 
d. Acceleration of Tip of Boom. Recalling that v = w X r, we write 


a=aXrt+@axX(m~XxXro=aXrtwxv 


io jk i k 
a=|0.15 0 O0| +] 0 0.30 0.50 
10.39 6 0 -3 5.20 —3.12 


0.90k — 0.941 — 2.60i — 1.50j + 0.90k 
a = —(3.54 m/s }i — (1.50 m/s*)j + (1.80 m/s)k < 


SAMPLE PROBLEM 15.12 


The rod AB, of length 7 in., is attached to the disk by a ball-and-socket 
connection and to the collar B by a clevis. The disk rotates in the yz plane 
at a constant rate w, = 12 rad/s, while the collar is free to slide along the 
horizontal rod CD. For the position 6 = 0, determine (a) the velocity of the 
collar, (b) the angular velocity of the rod. 


SOLUTION 


a. Velocity of Collar. Since point A is attached to the disk and since collar 
B moves in a direction parallel to the x axis, we have 


Va = @, X ra = 121 X 2k = — 245 Vp = Uzi 
Denoting by @ the angular velocity of the rod, we write 


Va — VA t VB/A — VA t @ X rg 


Upgi = —2A4j + ( 20, 30,)i + (6a, + 2a,)j + (8a, — 6a, )k 


Equating the coefficients of the unit vectors, we obtain 


vg = —20, —3, (1) 

24 = 2, +6, (2) 

0 = 30, —6a, (3) 

Multiplying Eqs. (1), (2), (3), respectively, by 6, 3, —2 and adding, we write 
(Gays ae 1) = 0 vg = —12 vp = —(12in/s)i <4 


b. Angular Velocity of Rod AB. We note that the angular velocity cannot 
be determined from Eqs. (1), (2), and (3), since the determinant formed by 
the coefficients of w,, @,, and w, is zero. We must therefore obtain an addi- 
tional equation by considering the constraint imposed by the clevis at B. 

The collar-clevis connection at B permits rotation of AB about the rod 
CD and also about an axis perpendicular to the plane containing AB and 
CD. It prevents rotation of AB about the axis EB, which is perpendicular 
to CD and lies in the plane containing AB and CD. Thus the projection of 
@ on zg must be zero and we writet 


®- rep = 0 (@,i + @,j + wk): (—3j + 2k) = 0 
=30), + 20, — 0 (4) 


Solving Eqs. (1) through (4) simultaneously, we obtain 


vg = —12 @, = 3.69 = S46, @, = 277 
@ = (3.69 rad/s)i + (1.846 rad/s)j + (2.77 rad/s)k <4 


tWe could also note that the direction of EB is that of the vector triple product rgjc X 
(rpc X Ypa) and write @ - [rpc X (rpc X Yp)] = 0. This formulation would be 
particularly useful if the rod CD were skew. 
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SOLVING SPROBLEMS 
JN TOUR OWN 


L this lesson you started the study of the kinematics of rigid bodies in three 
dimensions. You first studied the motion of a rigid body about a fixed point and 
then the general motion of a rigid body. 


A. Motion of a rigid body about a fixed point. To analyze the motion of a 
point B of a body rotating about a fixed point O you may have to take some or all 
of the following steps. 


1. Determine the position vector r connecting the fixed point O to point B. 


2. Determine the angular velocity w of the body with respect to a fixed frame 
of reference. The angular velocity w will often be obtained by adding two com- 
ponent angular velocities and @, [Sample Prob. 15.11]. 


3. Compute the velocity of B by using the equation 
v=oxr (15.37) 


Your computation will usually be facilitated if you express the vector product as a 
determinant. 


4. Determine the angular acceleration a of the body. The angular acceleration 
@ represents the rate of change (@)oxyz of the vector w with respect to a fixed 
frame of reference OXYZ and reflects both a change in magnitude and a change 
in direction of the angular velocity. However, when computing @ you may find it 
convenient to first compute the rate of change (@)o,,. of @ with respect to a 
rotating frame of reference Oxyz of your choice and use Eq. (15.31) of the preced- 
ing lesson to obtain @. You will write 


a= (@)oxyz aa (@)oxyz = Oo x Ww 


where © is the angular velocity of the rotating frame Oxyz [Sample Prob. 15.11]. 


5. Compute the acceleration of B by using the equation 
a=axXrt+@ xX (ow Xr) (15.38) 


Note that the vector product (@ X r) represents the velocity of point B and was 
computed in step 3. Also, the computation of the first vector product in (15.38) 
will be facilitated if you express this product in determinant form. Remember that, 
as was the case with the plane motion of a rigid body, the instantaneous axis of 
rotation cannot be used to determine accelerations. 


B. General motion of a rigid body. The general motion of a rigid body may be 
considered as the sum of a translation and a rotation. Keep the following in mind: 
a. In the translation part of the motion, all the points of the body have the 
same velocity v4 and the same acceleration a, as the point A of the body that has 
been selected as the reference point. 
b. In the rotation part of the motion, the same reference point A is assumed 
to be a fixed point. 


1. To determine the velocity of a point B of the rigid body when you know the 
velocity v4 of the reference point A and the angular velocity @ of the body, you 
simply add vy to the velocity vg, = @ X rg, of B in its rotation about A: 


Vga = V4 + @ X ropa (15.43) 


As indicated earlier, the computation of the vector product will usually be facili- 
tated if you express this product in determinant form. 


Equation (15.43) can also be used to determine the magnitude of vg when its 
direction is known, even if @ is not known. While the corresponding three scalar 
equations are linearly dependent and the components of @ are indeterminate, 
these components can be eliminated and v, can be found by using an appropriate 
linear combination of the three equations [Sample Prob. 15.12, part a]. Alterna- 
tively, you can assign an arbitrary value to one of the components of w and solve 
the equations for v4. However, an additional equation must be sought in order to 
determine the true values of the components of w [Sample Prob. 15.12, part b]. 


2. To determine the acceleration of a point B of the rigid body when you know 
the acceleration a, of the reference point A and the angular acceleration @ of the 
body, you simply add a, to the acceleration of B in its rotation about A, as expressed 


by Eq. (15.38): 
ag = ay + @ X rp + @ X (@ X rp) (15.44) 


Note that the vector product (@ X rg,4) represents the velocity vg/4 of B relative 
to A and may already have been computed as part of your calculation of vg. We 
also remind you that the computation of the other two vector products will be 
facilitated if you express these products in determinant form. 


The three scalar equations associated with Eq. (15.44) can also be used to deter- 
mine the magnitude of ag when its direction is known, even if @ and @ are not 
known. While the components of @ and @ are indeterminate, you can assign arbi- 
trary values to one of the components of w and to one of the components of @ 
and solve the equations for ag. 
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PROBLEMS 


15.184 Plate ABD and rod OB are rigidly connected and rotate about the 
ball-and-socket joint O with an angular velocity w = w,i + ,j + 
w-k. Knowing that v, = (3 in/s)i + (14 in./s)j + (vq).k and @, = 
1.5 rad/s, determine (a) the angular velocity of the assembly, (b) the 
velocity of point D. 


Fig. P15.184 
15.185 Solve Prob. 15.184, assuming that w, = —1.5 rad/s. 


15.186 At the instant considered the radar antenna shown rotates about 
the origin of coordinates with an angular velocity w = @,i + 
w,j + ok. Knowing that (v4), = 300 mm/s, (vg), = 180 mm/s, 
and (vg). = 360 mm/s, determine (a) the angular velocity of the 
antenna, (b) the velocity of point A. 


Fig. P15.186 and P15.187 


15.187 At the instant considered the radar antenna shown rotates about 
the origin of coordinates with an angular velocity w = w,i + 
w,j + wk. Knowing that (v4), = 100 mm/s, (v4), = —90 mm/s, 
and (vg). = 120 mm/s, determine (a) the angular velocity of the 
antenna, (b) the velocity of point A. 


15.188 


15.189 


15.190 


15.191 


15.192 


15.193 


The blade assembly of an oscillating fan rotates with a constant 
angular velocity w, = —(360 rpm)i with respect to the motor 
housing. Determine the angular acceleration of the blade assem- 
bly, knowing that at the instant shown the angular velocity and 
angular acceleration of the motor housing are, respectively, w2 = 
—(2.5 rpm)j and ay = 0. 


Fig. P15.188 


The rotor of an electric motor rotates at the constant rate @, = 
1800 rpm. Determine the angular acceleration of the rotor as the 
motor is rotated about the y axis with a constant angular velocity a» 
of 6 rpm counterclockwise when viewed from the positive y axis. 


In the system shown, disk A is free to rotate about the horizontal 
rod OA. Assuming that disk B is stationary (w. = 0), and that shaft 
OC rotates with a constant angular velocity @,, determine (a) the 
angular velocity of disk A, (b) the angular acceleration of disk A. 


In the system shown, disk A is free to rotate about the horizontal 
rod OA. Assuming that shaft OC and disk B rotate with constant 
angular velocities @ , and ws, respectively, both counterclockwise, 
determine (a) the angular velocity of disk A, (b) the angular accel- 
eration of disk A. 


The L-shaped arm BCD rotates about the z axis with a constant 
angular velocity @, of 5 rad/s. Knowing that the 150-mm-radius 
disk rotates about BC with a constant angular velocity @, of 4 rad/s, 
determine the angular acceleration of the disk. 


150 mm 


Fig. P15.192 


In Prob. 15.192, determine (a) the velocity of point A, (b) the accel- 
eration of point A. 
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Fig. P15.190 and P15.191 


994 Kinematics of Rigid Bodies 15.194 A 3-in.-radius disk spins at the constant rate wy, = 4 rad/s about 
an axis held by a housing attached to a horizontal rod that rotates 
at the constant rate w; = 5 rad/s. For the position shown, deter- 

Ha mine (a) the angular acceleration of the disk, (b) the acceleration 

A of point P on the rim of the disk if @ = 0, (c) the acceleration of 
Ip point P on the rim of the disk if @ = 90°. 


15.195 A 3-in.-radius disk spins at the constant rate w, = 4 rad/s about 
an axis held by a housing attached to a horizontal rod that rotates 
at the constant rate w; = 5 rad/s. Knowing that 6 = 30°, determine 
the acceleration of point P on the rim of the disk. 


15.196 A gun barrel of length OP = 4 m is mounted on a turret as shown. 
To keep the gun aimed at a moving target the azimuth angle B is 
being increased at the rate dB/dt = 30°/s and the elevation angle 
y is being increased at the rate dy/dt = 10°/s. For the position B = 

Fig. P15.194 and P15.195 90° and y = 30°, determine (a) the angular velocity of the barrel, 

(b) the angular acceleration of the barrel, (c) the velocity and accel- 

eration of point P. 


y 


Fig. P15.196 


15.197 In the planetary gear system shown, gears A and B are rigidly con- 
nected to each other and rotate as a unit about the inclined shaft. 
Gears C and D rotate with constant angular velocities of 30 rad/s 
and 20 rad/s, respectively (both counterclockwise when viewed from 
the right). Choosing the x axis to the right, the y axis upward, and 
the x axis pointing out of the plane of the figure, determine (a) the 
common angular velocity of gears A and B, (b) the angular velocity 
of shaft FH, which is rigidly attached to the inclined shaft. 


i 


Ain. 4in. 


Fig. P15.197 


15.198 A 30-mm-radius wheel is mounted on an axle OB of length 100 mm. 
The wheel rolls without sliding on the horizontal floor, and the 
axle is perpendicular to the plane of the wheel. Knowing that the 
system rotates about the y axis at a constant rate w, = 2.4 rad/s, 
determine (a) the angular velocity of the wheel, (b) the angular 
acceleration of the wheel, (c) the acceleration of point C located 
at the highest point on the rim of the wheel. 


15.199 Several rods are brazed together to form the robotic guide arm 
shown which is attached to a ball-and-socket joint at O. Rod OA 
slides in a straight inclined slot while rod OB slides in a slot parallel 
to the z-axis. Knowing that at the instant shown vz = (180 mm/s)k, 
determine (a) the angular velocity of the guide arm, (b) the velocity 
of point A, (c) the velocity of point C. 


Dimensions in mm 


Fig. P15.199 


15.200 In Prob. 15.199 the speed of point B is known to be constant. For 
the position shown, determine (a) the angular acceleration of the 
guide arm, (b) the acceleration of point C. 


15.201 The 45° sector of a 10-in.-radius circular plate is attached to a fixed 
ball-and-socket joint at O. As edge OA moves on the horizontal 
surface, edge OB moves along the vertical wall. Knowing that 
point A moves at a constant speed of 60 in./s, determine for the 
position shown (a) the angular velocity of the plate, (b) the velocity 
of point B. 


15.202 Rod AB of length 275 mm is connected by ball-and-socket joints to 
collars A and B, which slide along the two rods shown. Knowing 
that collar B moves toward the origin O at a constant speed of 
180 mm/s, determine the velocity of collar A when c = 175 mm. 


15.203 Rod AB of length 275 mm is connected by ball-and-socket joints 
to collars A and B, which slide along the two rods shown. Knowing 
that collar B moves toward the origin O at a constant speed of 180 
min/s, determine the velocity of collar A when c = 50 mm. 
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y 


Fig. P15.198 


Fig. P15.201 


= 


x 


Ai 
Z 
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B 


Fig. P15.202 and P15.203 


996 Kinematics of Rigid Bodies 15.204 Rod AB is connected by ball-and-socket joints to collar A 
and to the 16-in.-diameter disk C. Knowing that disk C rotates 
counterclockwise at the constant rate w) = 3 rad/s in the zx 
plane, determine the velocity of collar A for the position 
shown. 


15.205 Rod AB of length 29 in. is connected by ball-and-socket joints to 
the rotating crank BC and to the collar A. Crank BC is of length 
8 in. and rotates in the horizontal xy plane at the constant rate 
wy = 10 rad/s. At the instant shown, when crank BC is parallel 
to the z axis, determine the velocity of collar A. 


Fig. P15.204 


wv 


Fig. P15.205 


15.206 Rod AB of length 300 mm is connected by ball-and-socket 
joints to collars A and B, which slide along the two rods shown. 
Knowing that collar B moves toward point D at a constant 
speed of 50 mm/s, determine the velocity of collar A when c = 
SO mm. 


* 15.207 Rod AB of length 300 mm is connected by ball-and-socket 
joints to collars A and B, which slide along the two rods shown. 
Knowing that collar B moves toward point D at a constant 


speed of 50 mm/s, determine the velocity of collar A when c = 
Fig. P15.206 and P15.207 120 mm. 


15.208 Rod AB of length 25 in. is connected by ball-and-socket joints to Problems QQ7 
collars A and B, which slide along the two rods shown. Knowing 


that collar B moves toward point E at a constant speed of 20 in./s, y 
determine the velocity of collar A as collar B passes through | 
point D. 


15.209 Rod AB of length 25 in. is connected by ball-and-socket joints to 
collars A and B, which slide along the two rods shown. Knowing 
that collar B moves toward point E at a constant speed of 20 in./s, 
determine the velocity of collar A as collar B passed through 
point C. 


15.210 Two shafts AC and EG, which lie in the vertical yz plane, are con- 
nected by a universal joint at D. Shaft AC rotates with a constant 


angular velocity @, as shown. At a time when the arm of the 
crosspiece attached to shaft AC is vertical, determine the angular Yin. 


velocity of shaft EG. 
y . ee 
o, é 
© Fig. P15.208 and P15.209 
SE 
x 


25° 


Fig. P15.210 


15.211 Solve Prob. 15.210, assuming that the arm of the crosspiece 
attached to the shaft AC is horizontal. 


15.212 In Prob. 15.203, the ball-and-socket joint between the rod and 


collar A is replaced by the clevis shown. Determine (a) the angular 
velocity of the rod, (b) the velocity of collar A. 


SS 


Fig. P15.212 


15.213 In Prob. 15.204, the ball-and-socket joint between the rod and 
collar A is replaced by the clevis shown. Determine (a) the angular 
velocity of the rod, (b) the velocity of collar A. Fig. P15.213 
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Fig. 15.37 


15.214 through 15.219 For the mechanism of the problem indicated, 
determine the acceleration of collar A. 
15.214 Mechanism of Prob. 15.202. 
15.215 Mechanism of Prob. 15.203. 
15.216 Mechanism of Prob. 15.204. 
15.217 Mechanism of Prob. 15.205. 
15.218 Mechanism of Prob. 15.206. 
15.219 Mechanism of Prob. 15.207. 


*15.14 THREE-DIMENSIONAL MOTION OF A 
PARTICLE RELATIVE TO A ROTATING FRAME. 
CORIOLIS ACCELERATION 


We saw in Sec. 15.10 that given a vector function Q(¢) and two 
frames of reference centered at O—a fixed frame OXYZ and a rotat- 
ing frame Oxyz—the rates of change of Q with respect to the two 
frames satisfy the relation 


(Q)oxyz = (Q)oxyz +O x Q (15.31) 

We had assumed at the time that the frame Oxyz was constrained 
to rotate about a fixed axis OA. However, the derivation given in 
Sec. 15.10 remains valid when the frame Oxyz is constrained only to 
have a fixed point O. Under this more general assumption, the axis 
OA represents the instantaneous axis of rotation of the frame Oxyz 
(Sec. 15.12) and the vector Q, its angular velocity at the instant 
considered (Fig. 15.36). 

Let us now consider the three-dimensional motion of a particle P 
relative to a rotating frame Oxyz constrained to have a fixed origin O. 
Let r be the position vector of P at a given instant and Q be the angular 
velocity of the frame Oxyz with respect to the fixed frame OXYZ at 
the same instant (Fig. 15.37). The derivations given in Sec. 15.11 
for the two-dimensional motion of a particle can be readily extended 
to the three-dimensional case, and the absolute velocity vp of P (i.e., its 
velocity with respect to the fixed frame OXYZ) can be expressed as 


vp = OXrt (Kory: (15.45) 


Denoting by & the rotating frame Oxyz, we write this relation in the 
alternative form 


Vp = Vp + Veg (15.46) 


where vp = absolute velocity of particle P 
vp = velocity of point P’ of moving frame ¥ coinciding 
with P 
Veg = velocity of P relative to moving frame ¥ 


The absolute acceleration ap of P can be expressed as 


ap = @X rt Ox (OX vr) + 20 X (Pog. + os (15.47) 


An alternative form is 
ap = ap + apg t+ a, (15.48) 


where ap = absolute acceleration of particle P 
ap: = acceleration of point P’ of moving frame & coinciding 
with P 
apg = acceleration of P relative to moving frame ¥ 
= 20, X (Poy, = 20 X voyg 
= complementary, or Coriolis, acceleration t 


& 
Sy 
| 


We note that the Coriolis acceleration is perpendicular to the vectors 
Q and vp)g. However, since these vectors are usually not perpendicu- 
lar to each other, the magnitude of a, is in general not equal to 
2.Qwvp)g, as was the case for the plane motion of a particle. We further 
note that the Coriolis acceleration reduces to zero when the vectors 
Q and vp/g are parallel, or when either of them is zero. 

Rotating frames of reference are particularly useful in the study 
of the three-dimensional motion of rigid bodies. If a rigid body has 
a fixed point O, as was the case for the crane of Sample Prob. 15.11, 
we can use a frame Oxyz which is neither fixed nor rigidly attached 
to the rigid body. Denoting by © the angular velocity of the frame 
Oxyz, we then resolve the angular velocity @ of the body into the 
components © and ws»), where the second component represents 
the angular velocity of the body relative to the frame Oxyz (see 
Sample Prob. 15.14). An appropriate choice of the rotating frame 
often leads to a simpler analysis of the motion of the rigid body than 
would be possible with axes of fixed orientation. This is especially 
true in the case of the general three-dimensional motion of a rigid 
body, i.e., when the rigid body under consideration has no fixed point 
(see Sample Prob. 15.15). 


*15.15 FRAME OF REFERENCE IN GENERAL MOTION 


Consider a fixed frame of reference OXYZ and a frame Axyz which 
moves in a known, but arbitrary, fashion with respect to OXYZ (Fig. 
15.38). Let P be a particle moving in space. The position of P is 
defined at any instant by the vector rp in the fixed frame, and by the 
vector rp/4 in the moving frame. Denoting by r, the position vector 
of A in the fixed frame, we have 


Yp— Yr, + rp, (15.49) 
The absolute velocity vp of the particle is obtained by writing 
Vp. = rp = Yr, + Pain (15.50) 


where the derivatives are defined with respect to the fixed frame 
OXYZ. The first term in the right-hand member of (15.50) thus rep- 
resents the velocity v, of the origin A of the moving axes. On the 
other hand, since the rate of change of a vector is the same with 


tIt is important to note the difference between Eq. (15.48) and Eq. (15.21) of Sec. 15.8. 
See the footnote on page 974. 


15.15 Frame of Reference in General Motion 


Fig. 15.38 


999 


1000 _ Kinematics of Rigid Bodies 


Photo 15.9 The motion of air particles in a 
hurricane can be considered as motion relative 
to a frame of reference attached to the Earth and 
rotating with it. 


respect to a fixed frame and with respect to a frame in translation 
(Sec. 11.10), the second term can be regarded as the velocity vp,, of 
P relative to the frame AX'Y'Z’ of the same orientation as OXYZ and 
the same origin as Axyz. We therefore have 


Vp — VA a VP/A (15.51) 
But the velocity vp, of P relative to AX’Y'Z’ can be obtained from 
(15.45) by substituting rp, for r in that equation. We write 


(15.52) 


where Q is the angular velocity of the frame Axyz at the instant 
considered. 

The absolute acceleration ap of the particle is obtained by dif- 
ferentiating (15.51) and writing 


ap — Vp = VA + Vig (15.53) 
where the derivatives are defined with respect to either of the frames 
OXYZ or AX'Y'Z'. Thus, the first term in the right-hand member of 
(15.53) represents the acceleration a, of the origin A of the moving 
axes and the second term represents the acceleration apy, of P rela- 


tive to the frame AX’'Y’Z’. This acceleration can be obtained from 
(15.47) by substituting rp, for r. We therefore write 


(15.54) 


Formulas (15.52) and (15.54) make it possible to determine the 
velocity and acceleration of a given particle with respect to a fixed 
frame of reference, when the motion of the particle is known with 
respect to a moving frame. These formulas become more significant, 
and considerably easier to remember, if we note that the sum of the 
first two terms in (15.52) represents the velocity of the point P’ of 
the moving frame which coincides with P at the instant considered, 
and that the sum of the first three terms in (15.54) represents the 
acceleration of the same point. Thus, the relations (15.46) and (15.48) 
of the preceding section are still valid in the case of a reference 
frame in general motion, and we can write 


(15.46) 
(15.48) 


where the various vectors involved have been defined in Sec. 15.14. 

It should be noted that if the moving reference frame ¥ (or 
Axyz) is in translation, the velocity and acceleration of the point P’ 
of the frame which coincides with P become, respectively, equal to 
the velocity and acceleration of the origin A of the frame. On the 
other hand, since the frame maintains a fixed orientation, a, is zero, 
and the relations (15.46) and (15.48) reduce, respectively, to the rela- 
tions (11.33) and (11.34) derived in Sec. 11.12. 


: SAMPLE PROBLEM 15.13 


The bent rod OAB rotates about the vertical OB. At the instant considered, 
its angular velocity and angular acceleration are, respectively, 20 rad/s and 
200 rad/s®, both clockwise when viewed from the positive Y axis. The collar 
D moves along the rod, and at the instant considered, OD = 8 in. The 
velocity and acceleration of the collar relative to the rod are, respectively, 
50 in./s and 600 in./s”, both upward. Determine (a) the velocity of the collar, 
(b) the acceleration of the collar. 


SOLUTION 


Y Frames of Reference. The frame OXYZ is fixed. We attach the rotating 
frame Oxyz to the bent rod. Its angular velocity and angular acceleration 
Y relative to OXYZ are therefore Q = (—20 rad/s)j and Q = (—200 rad/s”)j, 


respectively. The position vector of D is 
r = (8 in.)(sin 30°% + cos 30°j) = (4 in.)i + (6.93 in.)j 


a. Velocity vp. Denoting by D’ the point of the rod which coincides with 
D and by & the rotating frame Oxyz, we write from Eq. (15.46) 


Vp = Vo + Vg (1) 


where 


vp = © X r = (—20 rad/s)j Xx [(4 in.)i + (6.93 in.)j] = (80 in//s)k 
Vp = (50 in/s)(sin 30°% + cos 30°j) = (25 in/s)i + (43.3 in./s)j 


Vi [e = (-20 rad/s)j 


as rad/s”)j Vp = (25 in/s)i + (43.3 in/s)j + (80 in/s)k <4 


Substituting the values obtained for vp and vp,y into (1), we find 


b. Acceleration ap. From Eq. (15.48) we write 
ap — ap’ AP aps ar a, (2) 
where 


ap = Oxr+Ox(Oxr) 
= (—200 rad/s”)j x [(4 in.)i + (6.93 in.)j] — (20 rad/s)j x (80 in/s)k 
+(800 in./s*)k — (1600 in./s”)i 
apg = (600 in/s”)(sin 30°% + cos 30°j) = (300 in/s”)i + (520 in/s”)j 
a, = 2Q, x Vp/F 
= 2(—20 rad/s)j x [(25 in/s)i + (43.3 in/s)j] = (1000 in./s”)k 


Substituting the values obtained for ap, apg, and a, into (2), 


ap = —(1300 in/s*)i + (520 in./s*)j + (1800 in/s’)k <4 
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SAMPLE PROBLEM 15.14 


The crane shown rotates with a constant angular velocity @, of 0.30 rad/s. 
Simultaneously, the boom is being raised with a constant angular velocity 
@» of 0.50 rad/s relative to the cab. Knowing that the length of the boom 
OP is | = 12 m, determine (a) the velocity of the tip of the boom, (b) the 
acceleration of the tip of the boom. 


SOLUTION 


Frames of Reference. The frame OXYZ is fixed. We attach the rotating 
frame Oxyz to the cab. Its angular velocity with respect to the frame OXYZ 
is therefore Q = w, = (0.30 rad/s)j. The angular velocity of the boom 
relative to the cab and the rotating frame Oxyz (or &, for short) is wp = 


@>, = (0.50 rad/s)k. 
a. Velocity vp. From Eq. (15.46) we write 
Vp = Vp + Veg (1) 


where vp: is the velocity of the point P’ of the rotating frame which coincides 
with P: 


vp = © X r = (0.30 rad/s)j x [(10.39 m)i + (6 m)j] = —(3.12 m/s)k 


and where vp is the velocity of P relative to the rotating frame Oxyz. But 
the angular velocity of the boom relative to Oxyz was found to be wg = 
(0.50 rad/s)k. The velocity of its tip P relative to Oxyz is therefore 


Veg = Wp X x = (0.50 rad/s)k x [(10.39 m)i + (6 m)j] 
—(3 m/s)i + (5.20 m/s)j 


Substituting the values obtained for vp and vp,g into (1), we find 
vp = —(3 m/s)i + (5.20 m/s)j — (3.12 m/s)kk <4 
b. Acceleration ap. From Eq. (15.48) we write 
ap = ap + apg t a, (2) 
Since © and @ ,,% are both constant, we have 
ap = © x (QO x r) = (0.30 rad/s)j x (—3.12 m/s)k = —(0.94 m/s”)i 
apg = Ogg X (Mpg X r) 
= (0.50 rad/s)k x [—(3 m/s)i + (5.20 m/s)j] 
= —(1.50 m/s”)j — (2.60 m/s”)i 


a, = 20, X vpg 
= 2(0.30 rad/s)j x [—(3 m/s)i + (5.20 m/s)j] = (1.80 m/s”)k 


Substituting for ap-, apg, and a, into (2), we find 


ap = —(3.54 m/s”)i — (1.50 m/s)j + (1.80 m/s*)k <4 


SAMPLE PROBLEM 15.15 


Disk D, of radius R, is pinned to end A of the arm OA of length L located 
in the plane of the disk. The arm rotates about a vertical axis through O at 
the constant rate w,, and the disk rotates about A at the constant rate wp. 
Determine (a) the velocity of point P located directly above A, (b) the accel- 
eration of P, (c) the angular velocity and angular acceleration of the disk. 


SOLUTION 


Frames of Reference. The frame OXYZ is fixed. We attach the moving frame 
Axyz to the arm OA. Its angular velocity with respect to the frame OXYZ is 
therefore Q = a,j. The angular velocity of disk D relative to the moving frame 
Axyz (or &, for short) is @pyg = wk. The position vector of P relative to O is 
r = Li + Rj, and its position vector relative to A is rp, = Rj. 


a. Velocity vp. Denoting by P’ the point of the moving frame which coin- 
cides with P, we write from Eq. (15.46) 


Vp = vp + veg (1) 


where vp = Q X r = aj X (Li + Rj) = —a@,Lk 


Veg = Ong X Vp = Ok X Rj = —@ Ri 
Substituting the values obtained for vp and vp,g into (1), we find 
Vp = —@Ri — w,Lk < 
b. Acceleration ap. From Eq. (15.48) we write 
ap = ap + apg + a, (2) 
Since © and @p,% are both constant, we have 


ap = O X (O X r) = wj X (—@,Lk) = =—@iLi 
apg = Wye X (@pe X Tp) = ak X (—@Ri) = —03Rj 
a, = 2Q) X veg = 2a,j X (—@Ri) = 20, a.Rk 


Substituting the values obtained into (2), we find 


ap = —o Li — w3Rj + 20,@Rk < 
c. Angular Velocity and Angular Acceleration of Disk. 
o= OP One @=aj+ok < 
Using Eq. (15.31) with Q = w, we write 


a= (®@)oxyz = (®) acyz +Q Xo 
= (0) sr oj x (aj ar sk) 
QA2=a,0i <4 
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SOLVING PROBLEMS 
JN TOURSOWN 


L this lesson you concluded your study of the kinematics of rigid bodies by 
learning how to use an auxiliary frame of reference ¥ to analyze the three- 
dimensional motion of a rigid body. This auxiliary frame may be a rotating frame 
with a fixed origin O, or it may be a frame in general motion. 


A. Using a rotating frame of reference. As you approach a problem involving 
the use of a rotating frame # you should take the following steps. 


1. Select the rotating frame ¥ that you wish to use and draw the correspond- 
ing coordinate axes x, y, and z from the fixed point O. 


2. Determine the angular velocity © of the frame ¥ with respect to a fixed 
frame OXYZ. In most cases, you will have selected a frame which is attached to 
some rotating element of the system; Q will then be the angular velocity of that 
element. 


3. Designate as P’ the point of the rotating frame ¥ that coincides with the 
point P of interest at the instant you are considering. Determine the velocity vp: 
and the acceleration ap of point P’. Since P’ is part of # and has the same posi- 
tion vector r as P, you will find that 


vp =OXr and ap =~axr+Qx (QO Xr) 


where aq is the angular acceleration of #. However, in many of the problems that 
you will encounter, the angular velocity of ¥ is constant in both magnitude and 
direction, and a = 0. 


4. Determine the velocity and acceleration of point P with respect to the 
frame ¥. As you are trying to determine vp and apg you will find it useful to 
visualize the motion of P on frame # when the frame is not rotating. If P is a 
point of a rigid body % which has an angular velocity wy and an angular accelera- 
tion @g relative to # [Sample Prob. 15.14], you will find that 

VegF = Wy XY and apg = Ag; Xv + We X (Weg X r) 
In many of the problems that you will encounter, the angular velocity of body % 


relative to frame ¥ is constant in both magnitude and direction, and ag = 0. 


5. Determine the Coriolis acceleration. Considering the angular velocity Q of 
frame % and the velocity vp of point P relative to that frame, which was com- 
puted in the previous step, you write 


a, = 2Q, X vps 


6. The velocity and the acceleration of P with respect to the fixed frame 
OXYZ can now be obtained by adding the expressions you have determined: 


Vp = Vp + Vg (15.46) 
ap = ap + apg + a, (15.48) 


B. Using a frame of reference in general motion. The steps that you will take 
differ only slightly from those listed under A. They consist of the following: 


1. Select the frame ¥ that you wish to use and a reference point A in that 
frame, from which you will draw the coordinate axes, x, y, and z defining that 
frame. You will consider the motion of the frame as the sum of a translation with 
A and a rotation about A. 


2. Determine the velocity v, of point A and the angular velocity © of the 
frame. In most cases, you will have selected a frame which is attached to some 
element of the system; © will then be the angular velocity of that element. 


3. Designate as P’ the point of frame ¥# that coincides with the point P of 
interest at the instant you are considering, and determine the velocity vp and 
the acceleration ap of that point. In some cases, this can be done by visualizing 
the motion of P if that point were prevented from moving with respect to ¥ 
[Sample Prob. 15.15]. A more general approach is to recall that the motion of P’ 
is the sum of a translation with the reference point A and a rotation about A. The 
velocity vp and the acceleration ap of P’, therefore, can be obtained by adding 
v4 and ag, respectively, to the expressions found in paragraph A3 and replacing 
the position vector r by the vector rp, drawn from A to P: 


vp = va + OX vp ap =a, + @ X rpy + OD X (O X rpy) 


Steps 4, 5, and 6 are the same as in Part A, except that the vector r should 
again be replaced by rp/4. Thus, Eqs. (15.46) and (15.48) can still be used to obtain 
the velocity and the acceleration of P with respect to the fixed frame of reference 
OXYZ. 
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Fig. P15.222 


PROBLEMS 


15.220 Rod AB is welded to the 12-in.-radius plate which rotates at the 
constant rate w, = 6 rad/s. Knowing that collar D moves toward 
end B of the rod at a constant speed u = 78 in./s, determine, for 
the position shown, (a) the velocity of D, (b) the acceleration of D. 


Fig. P15.220 


15.221 The bent rod shown rotates at the constant rate w, = 3 rad/s. 
Knowing that collar C moves toward point D at a constant relative 
speed u = 34 in./s, determine, for the position shown, the velocity 
and acceleration of C if (a) x = 5 in., (b) x = 15 in. 


Fig. P15.221 


15.222 The circular plate shown rotates about its vertical diameter at the 
constant rate w, = 10 rad/s. Knowing that in the position shown 
the disk lies in the XY plane and point D of strap CD moves 
upward at a constant relative speed u = 1.5 m/s, determine (a) the 
velocity of D, (b) the acceleration of D. 


15.223 Solve Prob. 15.222, assuming that, at the instant shown, the angu- Problems 1QOQ7 
lar velocity «9, of the plate is 10 rad/s and is decreasing at the rate 
of 25 rad/s”, while the relative speed u of point D of strap CD 
is 1.5 m/s and is decreasing at the rate 3 m/s’. 


15.224 A square plate of side 18 in. is hinged at A and B to a clevis. The 
plate rotates at the constant rate w, = 4 rad/s with respect to the 
clevis, which itself rotates at the constant rate @, = 3 rad/s about 
the Y axis. For the position shown, determine (a) the velocity of 
point C, (b) the acceleration of point C. 


Fig. P15.224 and P15.225 


15.225 A square plate of side 18 in. is hinged at A and B to a clevis. The 
plate rotates at the constant rate w, = 4 rad/s with respect to the 
clevis, which itself rotates at the constant rate w, = 3 rad/s about 
the Y axis. For the position shown, determine (a) the velocity of 
corner D, (b) the acceleration of corner D. 


15.226 through 15.228 The rectangular plate shown rotates at the 
constant rate ws, = 12 rad/s with respect to arm AE, which itself 
rotates at the constant rate w, = 9 rad/s about the Z axis. For the 
position shown, determine the velocity and acceleration of the 
point of the plate indicated. 

15.226 Corner B. 
15.227 Point D. 
15.228 Corner C. Fig. P15.226, P15.227, and P15.228 


15.229 Solve Prob. 15.228, assuming that at the instant shown the angular 
velocity @. of the plate with respect to arm AE is 12 rad/s and is 
decreasing at the rate of 60 rad/s”, while the angular velocity @, 
of the arm about the Z axis is 9 rad/s and is decreasing at the rate 
of 45 rad/s. 


15.230 Solve Prob. 15.221, assuming that at the instant shown the angular 
velocity @) of the rod is 3 rad/s and is increasing at the rate of 12 
rad/s”, while the relative speed u of the collar is 34 in./s and is 
decreasing at the rate of 85 in/s”. 


15.231 Using the method of Sec. 15.14, solve Prob. 15.191. 


15.232 Using the method of Sec. 15.14, solve Prob. 15.195. 
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Fig. P15.237 


15.233 Using the method of Sec. 15.14, solve Prob. 15.192. 


15.234 The body AB and rod BC of the robotic component shown rotate 
at the constant rate w, = 0.60 rad/s about the Y axis. Simultane- 
ously a wire-and-pulley control causes arm CD to rotate about C 
at the constant rate w = dB/dt = 0.45 rad/s. Knowing B = 120°, 
determine (a) the angular acceleration of arm CD, (b) the velocity 
of D, (c) the acceleration of D. 


Z 


Fig. P15.234 


15.235 A disk of radius 120 mm rotates at the constant rate w. = 5 rad/s 
with respect to the arm AB, which itself rotates at the constant 
rate w, = 3 rad/s. For the position shown, determine the velocity 
and acceleration of point C. 


Z 


120 mm 


Fig. P15.235 and P15.236 


15.236 A disk of radius 120 mm rotates at the constant rate w. = 5 rad/s 
with respect to the arm AB, which itself rotates at the constant 
rate w, = 3 rad/s. For the position shown, determine the velocity 
and acceleration of point D. 


15.237 The crane shown rotates at the constant rate @, = 0.25 rad/s; simul- 
taneously, the telescoping boom is being lowered at the constant 
rate @) = 0.40 rad/s. Knowing that at the instant shown the length 
of the boom is 20 ft and is increasing at the constant rate u = 
1.5 ft/s, determine the velocity and acceleration of point B. 


15.238 The arm AB of length 5 m is used to provide an elevated platform 
for construction workers. In the position shown, arm AB is being 
raised at the constant rate d0/dt = 0.25 rad/s; simultaneously, the 
unit is being rotated about the Y axis at the constant rate w, = 
0.15 rad/s. Knowing that @ = 20°, determine the velocity and 


acceleration of point B. 


Z 
Fig. P15.238 


15.239 Solve Prob. 15.238, assuming that 6 = 40°. 


15.240 A disk of 180-mm radius rotates at the constant rate w. = 12 rad/s 
with respect to arm CD, which itself rotates at the constant rate 
w, = 8 rad/s about the Y axis. Determine at the instant shown the 
velocity and acceleration of point A on the rim of the disk. 


180 mm 


360 mm 


150 mm 
Fig. P15.240 and P15.241 


15.241 A disk of 180-mm radius rotates at the constant rate w. = 12 rad/s 
with respect to arm CD, which itself rotates at the constant 
rate w; = 8 rad/s about the Y axis. Determine at the instant 
shown the velocity and acceleration of point B on the rim of 


the disk. 


Problems 
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1010 Kinematics of Rigid Bodies 15.242 and 15.243 In the position shown the thin rod moves at a 
constant speed u = 3 in./s out of the tube BC. At the same time 
tube BC rotates at the constant rate w, = 1.5 rad/s with respect 
to arm CD. Knowing that the entire assembly rotates about the X 
axis at the constant rate w, = 1.2 rad/s, determine the velocity and 
acceleration of end A of the rod. 


Fig. P15.242 Fig. P15.243 


15.244 Two disks, each of 130-mm radius, are welded to the 500-mm rod 
CD. The rod-and-disks unit rotates at the constant rate w, = 3 rad/s 
with respect to arm AB. Knowing that at the instant shown @, = 
4 rad/s, determine the velocity and acceleration of (a) point E, 
(b) point F. 


Fig. P15.244 


15.245 In Prob. 15.244, determine the velocity and acceleration of 
(a) point G, (b) point H. 


15.246 The vertical plate shown is welded to arm EFG, and the entire 
unit rotates at the constant rate w, = 1.6 rad/s about the Y axis. 
At the same time, a continuous link belt moves around the perim- 
eter of the plate at a constant speed u = 4.5 in./s. For the position 
shown, determine the acceleration of the link of the belt located 
(a) at point A, (b) at point B. 


CELLED 


£4 


15.247 The vertical plate shown is welded to arm EFG, and the entire 
unit rotates at the constant rate w, = 1.6 rad/s about the Y axis. 
At the same time, a continuous link belt moves around the perim- 
eter of the plate at a constant speed u = 4.5 in./s. For the position 
shown, determine the acceleration of the link of the belt located 
Fig. P15.246 and P15.247 (a) at point C, (b) at point D. 


REVIEW AND SUMMARY 


This chapter was devoted to the study of the kinematics of rigid 
bodies. 


We first considered the translation of a rigid body [Sec. 15.2] and Rigid body in translation 
observed that in such a motion, all points of the body have the same 
velocity and the same acceleration at any given instant. 


We next considered the rotation of a rigid body about a fixed axis Rigid body in rotation 

[Sec. 15.3]. The position of the body is defined by the angle 6 that about a fixed axis 

the line BP, drawn from the axis of rotation to a point P of the body, 

forms with a fixed plane (Fig. 15.39). We found that the magnitude % 
é 
~ 


of the velocity of P is 
v= “ =résingd (15.4) aa 


where 6 is the time derivative of @. We then expressed the velocity 
of P as 


v= —=@xXr (15.5) 


where the vector 
Fig. 15.39 
@ = ok = 6k (15.6) 


is directed along the fixed axis of rotation and represents the angular 
velocity of the body. 

Denoting by @ the derivative dw/dt of the angular velocity, we 
expressed the acceleration of P as 


a=aXxXrt+@oX (@ Xr) (15.8) 


Differentiating (15.6), and recalling that k is constant in magnitude 
and direction, we found that 


a = ak = ok = 6k (15.9) 


The vector @ represents the angular acceleration of the body and is 
directed along the fixed axis of rotation. 
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y 


Fig. 15.40 


Rotation of a representative slab 


Tangential and normal components 


Angular velocity and angular 
acceleration of rotating slab 


Fig. 15.41 


Next we considered the motion of a representative slab located in a 
plane perpendicular to the axis of rotation of the body (Fig. 15.40). 
Since the angular velocity is perpendicular to the slab, the velocity of 
a point P of the slab was expressed as 


v=okxr (15.10) 


where v is contained in the plane of the slab. Substituting w = wk 
and @ = ak into (15.8), we found that the acceleration of P could 
be resolved into tangential and normal components (Fig. 15.41) 
respectively equal to 

a,=ak Xr a, = ra 


2 
a, = —-wr ad, = To 


2 (15.11’) 
Recalling Eqs. (15.6) and (15.9), we obtained the following expres- 
sions for the angular velocity and the angular acceleration of the slab 
[Sec. 15.4]: 


do 
@ = dt (15.12) 
do d0 
= ae = TE (15.13) 
or 
a= 0 (15.14) 


We noted that these expressions are similar to those obtained in 
Chap. 11 for the rectilinear motion of a particle. 


Two particular cases of rotation are frequently encountered: 
uniform rotation and uniformly accelerated rotation. Problems 
involving either of these motions can be solved by using equations 
similar to those used in Secs. 11.4 and 11.5 for the uniform rectilin- 
ear motion and the uniformly accelerated rectilinear motion of a 
particle, but where x, v, and a are replaced by 6, w, and a, respec- 
tively [Sample Prob. 15.1]. 
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VB/A 


Vi 
VA B 


Plane motion = Translation with A + Rotation about A vg =VatvVp/a 


Fig. 15.42 


The most general plane motion of a rigid slab can be considered as 
the sum of a translation and a rotation [Sec. 15.5]. For example, the 
slab shown in Fig. 15.42 can be assumed to translate with point A, 
while simultaneously rotating about A. It follows [Sec. 15.6] that the 
velocity of any point B of the slab can be expressed as 


Vp — VA te VB/A (15.17) 


where vy is the velocity of A and vz, the relative velocity of B with 
respect to A or, more precisely, with respect to axes x’y’ translating 
with A. Denoting by rg, the position vector of B relative to A, we 
found that 


VB/A — ok x YBa UpiA — TH (15.18) 


The fundamental equation (15.17) relating the absolute velocities of 
points A and B and the relative velocity of B with respect to A was 
expressed in the form of a vector diagram and used to solve problems 
involving the motion of various types of mechanisms [Sample Probs. 


15.2 and 15.3]. 


Another approach to the solution of problems involving the velocities 
of the points of a rigid slab in plane motion was presented in Sec. 15.7 
and used in Sample Probs. 15.4 and 15.5. It is based on the determina- 
tion of the instantaneous center of rotation C of the slab (Fig. 15.43). 
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(a) (b) 
Fig. 15.43 


Velocities in plane motion 


Instantaneous center of rotation 
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Plane motion 7 Translation with A + Rotation about A 


Fig. 15.44 


Accelerations in plane motion 


Coordinates expressed in terms 
of a parameter 


Rate of change of a vector with 
respect to a rotating frame 
: 


Fig. 15.45 


The fact that any plane motion of a rigid slab can be considered as 
the sum of a translation of the slab with a reference point A and a 
rotation about A was used in Sec. 15.8 to relate the absolute accel- 
erations of any two points A and B of the slab and the relative accel- 
eration of B with respect to A. We had 


agp ay, + AB/A (15.21) 


where ag,, consisted of a normal component (agj,), of magnitude ro” 
directed toward A, and a tangential component (apy), of magnitude 
ra perpendicular to the line AB (Fig. 15.44). The fundamental rela- 
tion (15.21) was expressed in terms of vector diagrams or vector 
equations and used to determine the accelerations of given points of 
various mechanisms [Sample Probs. 15.6 through 15.8]. It should be 
noted that the instantaneous center of rotation C considered in 
Sec. 15.7 cannot be used for the determination of accelerations, since 
point C, in general, does not have zero acceleration. 


In the case of certain mechanisms, it is possible to express the coor- 
dinates x and y of all significant points of the mechanism by means 
of simple analytic expressions containing a single parameter. The 
components of the absolute velocity and acceleration of a given point 
are then obtained by differentiating twice with respect to the time t 
the coordinates x and y of that point [Sec. 15.9]. 


While the rate of change of a vector is the same with respect to a 
fixed frame of reference and with respect to a frame in translation, 
the rate of change of a vector with respect to a rotating frame is 
different. Therefore, in order to study the motion of a particle rela- 
tive to a rotating frame we first had to compare the rates of change 
of a general vector Q with respect to a fixed frame OXYZ and with 
respect to a frame Oxyz rotating with an angular velocity © [Sec. 
15.10] (Fig. 15.45). We obtained the fundamental relation 

(Qoxyz = (Q)oxyz +Q xX Q (15.31) 
and we concluded that the rate of change of the vector Q with respect 
to the fixed frame OXYZ is made of two parts: The first part represents 
the rate of change of Q with respect to the rotating frame Oxyz; the 
second part, @ x Q, is induced by the rotation of the frame Oxyz. 


The next part of the chapter [Sec. 15.11] was devoted to the two- Review: and: Summary 


dimensional kinematic analysis of a particle P moving with respect 
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to a frame ¥ rotating with an angular velocity about a fixed axis_ Plane motion of a particle relative 


(Fig. 15.46). We found that the absolute velocity of P could be to q rotating frame 
expressed as 


Vp = Vp’ of VP/F (15.33) 


where vp = absolute velocity of particle P 
vp = velocity of point P’ of moving frame ¥ coinciding 
with P 
vege = velocity of P relative to moving frame ¥ 


We noted that the same expression for vp is obtained if the frame is 
in translation rather than in rotation. However, when the frame is in 
rotation, the expression for the acceleration of P is found to contain 
an additional term a, called the complementary acceleration or Cori- 
olis acceleration. We wrote 


ap = ap’ - aps a ay (15.36) 


Fig. 15.46 


where ap = absolute acceleration of particle P 
ap = acceleration of point P’ of moving frame ¥ coinciding 
with P 
ap = acceleration of P relative to moving frame ¥ 
a, = 20 X (Poy = 2Q X voyg 
= complementary, or Coriolis, acceleration 


II 


II 


Since © and vp,g are perpendicular to each other in the case of plane 
motion, the Coriolis acceleration was found to have a magnitude a, = 
2Qvp,g and to point in the direction obtained by rotating the vector 
Vvpg through 90° in the sense of rotation of the moving frame. For- 
mulas (15.33) and (15.36) can be used to analyze the motion of 
mechanisms which contain parts sliding on each other [Sample 
Probs. 15.9 and 15.10]. 


The last part of the chapter was devoted to the study of the kine- Motion of a rigid body 
matics of rigid bodies in three dimensions. We first considered the with a fixed point 
motion of a rigid body with a fixed point [Sec. 15.12]. After proving 
that the most general displacement of a rigid body with a fixed 
point O is equivalent to a rotation of the body about an axis 
through O, we were able to define the angular velocity w and the 
instantaneous axis of rotation of the body at a given instant. The 
velocity of a point P of the body (Fig. 15.47) could again be 
expressed as 


oF ruses (15.37) 
=—_-=q@ : 
dole? r 
Differentiating this expression, we also wrote Fig. 15.47 
a=axrt+o xX (@ Xn) (15.38) 


However, since the direction of w changes from one instant to the 
next, the angular acceleration @ is, in general, not directed along the 
instantaneous axis of rotation [Sample Prob. 15.11]. 
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General motion in space 


Fig. 15.48 


Three-dimensional motion 
of a particle relative 
to a rotating frame 


It was shown in Sec. 15.13 that the most general motion of a rigid 
body in space is equivalent, at any given instant, to the sum of a 
translation and a rotation. Considering two particles A and B of the 


body, we found that 
Vp — VA TF VB/A (15.42) 
where vz, is the velocity of B relative to a frame AX'Y'Z’ attached 
to A and of fixed orientation (Fig. 15.48). Denoting by rg,, the posi- 
tion vector of B relative to A, we wrote 
Vga = Va + @ X YBa (15.43) 
where @ is the angular velocity of the body at the instant considered 


[Sample Prob. 15.12]. The acceleration of B was obtained by a simi- 
lar reasoning. We first wrote 


ag = ay + apa 
and, recalling Eq. (15.38), 


ag = ag + @ X rpa + @ X (@ X rp) (15.44) 


In the final two sections of the chapter we considered the three- 
dimensional motion of a particle P relative to a frame Oxyz rotating 
with an angular velocity Q with respect to a fixed frame OXYZ (Fig. 
15.49). In Sec. 15.14 we expressed the absolute velocity vp of P as 


Vp = Vp’ te VP/F (15.46) 


where vp = absolute velocity of particle P 
vp = velocity of point P’ of moving frame ¥ coinciding 
with P 
Veg = velocity of P relative to moving frame ¥ 


Fig. 15.49 


The absolute acceleration ap of P was then expressed as 
ap — ap’ +. aps + a, (15.48) 


where ap = absolute acceleration of particle P 

= acceleration of point P’ of moving frame ¥ coinciding 
with P 

apy = acceleration of P relative to moving frame ¥ 

20, x (Toyz = 20, x VE/F 

= complementary, or Coriolis, acceleration 


~ 
a) 
| 


& 
I 


It was noted that the magnitude a, of the Coriolis acceleration is not 
equal to 2Qvp,g [Sample Prob. 15.13] except in the special case when 
Q and vp are perpendicular to each other. 


We also observed [Sec. 15.15] that Eqs. (15.46) and (15.48) remain 
valid when the frame Axyz moves in a known, but arbitrary, fashion 
with respect to the fixed frame OXYZ (Fig. 15.50), provided that the 
motion of A is included in the terms vp and ap: representing the 
absolute velocity and acceleration of the coinciding point P’. 


Fig. 15.50 


Rotating frames of reference are particularly useful in the 
study of the three-dimensional motion of rigid bodies. Indeed, 
there are many cases where an appropriate choice of the rotating 
frame will lead to a simpler analysis of the motion of the rigid body 
than would be possible with axes of fixed orientation [Sample Probs. 
15.14 and 15.15]. 
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Frame of reference in general motion 
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REVIEW PROBLEMS 


Fig. P15.248 


15.248 Knowing that at the instant shown crank BC has a constant angu- 
lar velocity of 45 rpm clockwise, determine the acceleration (a) of 
point A, (b) of point D. 


15.249 The rotor of an electric motor has a speed of 1800 rpm when the 
power is cut off. The rotor is then observed to come to rest after 
executing 1550 revolutions. Assuming uniformly accelerated 
motion, determine (a) the angular acceleration of the rotor, (b) the 
time required for the rotor to come to rest. 


15.250 A disk of 0.15-m radius rotates at the constant rate w» with respect 
to plate BC, which itself rotates at the constant rate w, about 
the y axis. Knowing that w; = wy = 3 rad/s, determine, for the 
position shown, the velocity and acceleration (a) of point D, (b) of 
point F. 


Fig. P15.250 


15.251 The fan of an automobile engine rotates about a horizontal axis 
parallel to the direction of motion of the automobile. When viewed 
from the rear of the engine, the fan is observed to rotate clockwise 
at the rate of 2500 rpm. Knowing that the automobile is turning 
right along a path of radius 12 m at a constant speed of 12 km/h, 
determine the angular acceleration of the fan at the instant the 
automobile is moving due north. 


15.252 A drum of radius 4.5 in. is mounted on a cylinder of radius 7.5 in. Review Problems 1Q]9Q 
A cord is wound around the drum, and its extremity E is pulled 
to the right with a constant velocity of 15 in./s, causing the cylinder 
to roll without sliding on plate F. Knowing that plate F is station- 
ary, determine (a) the velocity of the center of the cylinder, (b) the 
acceleration of point D of the cylinder. 


15.253 Solve Prob. 15.252, assuming that plate F is moving to the right 
with a constant velocity of 9 in./s. 


15.254 Water flows through a curved pipe AB that rotates with a constant 
clockwise angular velocity of 90 rpm. If the velocity of the water Fig. P15.252 
relative to the pipe is 8 m/s, determine the total acceleration of a 
particle of water at point P. 


P 


Fig. P15.254 


15.255 Rod BC of length 24 in. is connected by ball-and-socket joints to a 
rotating arm AB and to a collar C that slides on the fixed rod DE. 
Knowing that the length of arm AB is 4 in. and that it rotates at the 
constant rate w, = 10 rad/s, determine the velocity of collar C when 
6=0. 


Fig. P15.255 


15.256 Solve Prob. 15.255, assuming that 6 = 90°. 


1020 Kinematics of Rigid Bodies 15.257 Crank AB has a constant angular velocity of 1.5 rad/s counterclock- 
wise. For the position shown, determine (a) the angular velocity 
of rod BD, (b) the velocity of collar D. 


Fig. P15.257 and P15.258 


15.258 Crank AB has a constant angular velocity of 1.5 rad/s counterclock- 
wise. For the position shown, determine (a) the angular accelera- 
tion of rod BD, (b) the acceleration of collar D. 


15.259 Rod AB of length 125 mm is attached to a vertical rod that rotates 
about the y axis at the constant rate w, = 5 rad/s. Knowing that 
the angle formed by rod AB and the vertical is increasing at the 
constant rate dB/dt = 3 rad/s, determine the velocity and accelera- 
tion of end B of the rod when B = 30°. 


Fig. P15.259 


COMPUTER PROBLEMS 


15.€1 The disk shown has a constant angular velocity of 500 rpm coun- 
terclockwise. Knowing that rod BD is 250 mm long, use computational 
software to determine and plot for values of @ from 0 to 360° and using 30° 
increments, the velocity of collar D and the angular velocity of rod BD. 
Determine the two values of @ for which the speed of collar D is zero. 


Fig. P15.C1 


15.€2 Two rotating rods are connected by a slider block P as shown. 
Knowing that rod BP rotates with a constant angular velocity of 6 rad/s 
counterclockwise, use computational software to determine and plot for val- 
ues of @ from 0 to 180° the angular velocity and angular acceleration of rod 
AE. Determine the value of 6 for which the angular acceleration ay¢ of rod 
AE is maximum and the corresponding value of a,z. 


Fig. P15.C2 
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Fig. P15.C3 


15.€3 In the engine system shown, | = 160 mm and b = 60 mm. Know- 
ing that crank AB rotates with a constant angular velocity of 1000 rpm 
clockwise, use computational software to determine and plot for values of 
6 from 0 to 180° and using 10° increments, (a) the angular velocity and 
angular acceleration of rod BD, (b) the velocity and acceleration of the 
piston P. 


15.C4 Rod AB moves over a small wheel at C while end A moves to the 
right with a constant velocity of 180 mm/s. Use computational software to 
determine and plot for values of 6 from 20° to 90° and using 5° increments, 
the velocity of point B and the angular acceleration of the rod. Determine 
the value of 6 for which the angular acceleration a of the rod is maximum 
and the corresponding value of a. 


400 mm a 
Cc 


Fig. P15.C4 


15.€5 Rod BC of length 24 in. is connected by ball-and-socket joints to 
the rotating arm AB and to collar C that slides on the fixed rod DE. Arm 
AB of length 4 in. rotates in the XY plane with a constant angular velocity 
of 10 rad/s. Use computational software to determine and plot for values of 
6 from 0 to 360° the velocity of collar C. Determine the two values of 6 for 
which the velocity of collar C is zero. 


Fig. P15.C5 


15.€6 Rod AB of length 25 in. is connected by ball-and-socket joints to 
collars A and B, which slide along the two rods shown. Collar B moves 
toward support E at a constant speed of 20 in./s. Denoting by d the dis- 
tance from point C to collar B, use computational software to determine 
and plot the velocity of collar A for values of d from 0 to 15 in. 


| 


Fig. P15.C6 
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Three-bladed wind turbines, similar to 
the ones shown in this picture of a wind 
farm, are currently the most common 
design. In this chapter you will learn to 
analyze the motion of a rigid body by 
considering the motion of its mass center, 
the motion relative to its mass center, 


and the external forces acting on it. 


: y 


JA. 


Plane Motion of Rigid Bodies: 
Forces and Accelerations 
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Chapter 16 Plane Motion of Rigid 
Bodies: Forces and Accelerations 


Introduction 

Equations of Motion for a 
Rigid Body 

Angular Momentum of a Rigid 
ae in Plane Motion 

Plane Motion of a Rigid Body. 
D‘Alembert's Principle 

A Remark on the Axioms of the 
Mechanics of Rigid Bodies 
Solution of Problems Involving 
the Motion of a Rigid Body 
Systems of Rigid Bodies 
Constrained Plane Motion 


16.1 INTRODUCTION 


In this chapter and in Chaps. 17 and 18, you will study the kinetics 
of rigid bodies, i.e., the relations existing between the forces acting 
on a rigid body, the shape and mass of the body, and the motion 
produced. In Chaps. 12 and 13, you studied similar relations, assum- 
ing then that the body could be considered as a particle, ie., that its 
mass could be concentrated in one point and that all forces acted at 
that point. The shape of the body, as well as the exact location of the 
points of application of the forces, will now be taken into account. 
You will also be concerned not only with the motion of the body as 
a whole but also with the motion of the body about its mass center. 

Our approach will be to consider rigid bodies as made of large 
numbers of particles and to use the results obtained in Chap. 14 for 
the motion of systems of particles. Specifically, two equations from 
Chap. 14 will be used: Eq. (14.16), 2F = ma, which relates the 
resultant of the external forces and the acceleration of the mass cen- 
ter G of the system of particles, and Eq. (14.23), Mc = He, which 
relates the moment resultant of the external forces and the angular 
momentum of the system of particles about G. 

Except for Sec. 16.2, which applies to the most general case of 
the motion of a rigid body, the results derived in this chapter will be 
limited in two ways: (1) They will be restricted to the plane motion 
of rigid bodies, i.e., to a motion in which each particle of the body 
remains at a constant distance from a fixed reference plane. (2) The 
rigid bodies considered will consist only of plane slabs and of bodies 
which are symmetrical with respect to the reference plane.f The 
study of the plane motion of nonsymmetrical three-dimensional bodies 
and, more generally, the motion of rigid bodies in three-dimensional 
space will be postponed until Chap. 18. 

In Sec. 16.3, we define the angular momentum of a rigid body in 
plane motion and show that the rate of change of the angular momen- 
tum Hg about the mass center is equal to the product I@ of the 
centroidal mass moment of inertia J and the angular acceleration @ of 
the body. D’Alembert’s principle, introduced in Sec. 16.4, is used to 
prove that the external forces acting on a rigid body are equivalent to a 
vector ma attached at the mass center and a couple of moment Ia. 

In Sec. 16.5, we derive the principle of transmissibility using 
only the parallelogram law and Newton’s laws of motion, allowing us 
to remove this principle from the list of axioms (Sec. 1.2) required 
for the study of the statics and dynamics of rigid bodies. 

Free-body-diagram equations are introduced in Sec. 16.6 and 
will be used in the solution of all problems involving the plane motion 
of rigid bodies. 

After considering the plane motion of connected rigid bodies 
in Sec. 16.7, you will be prepared to solve a variety of problems involv- 
ing the translation, centroidal rotation, and unconstrained motion of 
rigid bodies. In Sec. 16.8 and in the remaining part of the chapter, 
the solution of problems involving noncentroidal rotation, rolling 
motion, and other partially constrained plane motions of rigid bodies 
will be considered. 
+Or, more generally, bodies which have a principal centroidal axis of inertia perpendicular 
to the reference plane. 


16.2 EQUATIONS OF MOTION FOR A RIGID BODY 


Consider a rigid body acted upon by several external forces Fj, Fs, 
F;,... (Fig. 16.1). We can assume that the body is made of a large 
number n of particles of mass Am, (i = 1, 2, ..., n) and apply the 
results obtained in Chap. 14 for a system of particles (Fig. 16.2). 
Considering first the motion of the mass center G of the body with 
respect to the newtonian frame of reference Oxyz, we recall Eq. 
(14.16) and write 


=F = ma (16.1) 


where m is the mass of the body and a is the acceleration of the mass 
center G. Turning now to the motion of the body relative to the cen- 
troidal frame of reference Gx'y'z', we recall Eq. (14.23) and write 


co 


| =Mc = He | (16.2) 


where Hg represents the rate of change of Hg, the angular momen- 
tum about G of the system of particles forming the rigid body. In 
the following, Hg will simply be referred to as the angular momen- 
tum of the rigid body about its mass center G. Together Eqs. (16.1) 
and (16.2) express that the system of the external forces is equipollent 
to the system consisting of the vector ma attached at G and the couple 
of moment Hg (Fig. 16.3).t 


AX 


F, . 
\ i wma 


Fig. 16.3 


Equations (16.1) and (16.2) apply in the most general case of the 
motion of a rigid body. In the rest of this chapter, however, our analysis 
will be limited to the plane motion of rigid bodies, i.e., to a motion in 
which each particle remains at a constant distance from a fixed refer- 
ence plane, and it will be assumed that the rigid bodies considered 
consist only of plane slabs and of bodies which are symmetrical with 
respect to the reference plane. Further study of the plane motion of 
nonsymmetrical three-dimensional bodies and of the motion of rigid 
bodies in three-dimensional space will be postponed until Chap. 18. 


tSince the systems involved act on a rigid body, we could conclude at this point, by 
referring to Sec. 3.19, that the two systems are equivalent as well as equipollent and 
use red rather than blue equals signs in Fig. 16.3. However, by postponing this 
conclusion, we will be able to arrive at it independently (Secs. 16.4 and 18.5), thereby 
eliminating the necessity of including the principle of transmissibility among the 
axioms of mechanics (Sec. 16.5). 


16.2 Equations of Motion for a Rigid Body 1027 


Fig. 16.1 


Photo 16.1 The system of external forces 
acting on the man and wakeboard includes the 
weights, the tension in the tow rope, and the 
forces exerted by the water and the air. 
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Fig. 16.4 


Photo 16.2 The hard disk and pick-up arms of 


a hard disk computer undergo centroidal rotation. 


16.3 ANGULAR MOMENTUM OF A RIGID BODY 
IN PLANE MOTION 


Consider a rigid slab in plane motion. Assuming that the slab is made 
of a large number n of particles P; of mass Am, and recalling 
Eq. (14.24) of Sec. 14.5, we note that the angular momentum Hg of 
the slab about its mass center G can be computed by taking the 
moments about G of the momenta of the particles of the slab in their 
motion with respect to either of the frames Oxy or Gx'y’ (Fig. 16.4). 
Choosing the latter course, we write 


Ho = bs (x/ X v; Am;,) (16.3) 


i=] 


where rj and v; Am; denote, respectively, the position vector and the 
linear momentum of the particle P; relative to the centroidal frame 
of reference Gx'y’. But since the particle belongs to the slab, we 
have v; = w X rj, where @ is the angular velocity of the slab at the 
instant considered. We write 


n 


He = » [1; x (w Xx r}) Am, | 


i=1 


Referring to Fig. 16.4, we easily verify that the expression obtained 
represents a vector of the same direction as w (that is, perpendicular 
to the slab) and of magnitude equal to wr? Ami. Recalling that the 
sum =r? Am; represents the moment of inertia I of the slab about 
a centroidal axis perpendicular to the slab, we conclude that the 
angular momentum Hg of the slab about its mass center is 


Ho = Iw (16.4) 


Differentiating both members of Eq. (16.4) we obtain 


Ho = Iw = Ia (16.5) 


Thus the rate of change of the angular momentum of the slab is 
represented by a vector of the same direction as @ (that is, perpen- 
dicular to the slab) and of magnitude Ia. 

It should be kept in mind that the results obtained in this sec- 
tion have been derived for a rigid slab in plane motion. As you will 
see in Chap. 18, they remain valid in the case of the plane motion 
of rigid bodies which are symmetrical with respect to the reference 
plane.t However, they do not apply in the case of nonsymmetrical 
bodies or in the case of three-dimensional motion. 


+Or, more generally, bodies which have a principal centroidal axis of inertia perpendicular 
to the reference plane. 


16.4 PLANE MOTION OF A RIGID BODY. 
D’ALEMBERT’S PRINCIPLE 


Consider a rigid slab of mass m moving under the action of several 
external forces F), Fs, F3, . , . , contained in the plane of the slab 
(Fig. 16.5). Substituting for Hg from Eq. (16.5) into Eq. (16.2) and 
writing the fundamental equations of motion (16.1) and (16.2) in 
scalar form, we have 


(16.6) 


Equations (16.6) show that the acceleration of the mass center 
G of the slab and its angular acceleration @ are easily obtained once 
the resultant of the external forces acting on the slab and their 
moment resultant about G have been determined. Given appropriate 
initial conditions, the coordinates x and y of the mass center and the 
angular coordinate 6 of the slab can then be obtained by integration 
at any instant t. Thus the motion of the slab is completely defined by 
the resultant and moment resultant about G of the external forces 
acting on it. 

This property, which will be extended in Chap. 18 to the case 
of the three-dimensional motion of a rigid body, is characteristic of 
the motion of a rigid body. Indeed, as we saw in Chap. 14, the motion 
of a system of particles which are not rigidly connected will in gen- 
eral depend upon the specific external forces acting on the various 
particles, as well as upon the internal forces. 

Since the motion of a rigid body depends only upon the resultant 
and moment resultant of the external forces acting on it, it follows that 
two systems of forces which are equipollent, i.e., which have the same 
resultant and the same moment resultant, are also equivalent; that is, 
they have exactly the same effect on a given rigid body.t 

Consider in particular the system of the external forces acting 
on a rigid body (Fig. 16.6a) and the system of the effective forces 
associated with the particles forming the rigid body (Fig. 16.6b). It 
was shown in Sec. 14.2 that the two systems thus defined are equi- 
pollent. But since the particles considered now form a rigid body, it 
follows from the discussion above that the two systems are also 
equivalent. We can thus state that the external forces acting on a 
rigid body are equivalent to the effective forces of the various parti- 
cles forming the body. This statement is referred to as d’Alembert’s 
principle after the French mathematician Jean le Rond d’Alembert 
(1717-1783), even though d’Alembert’s original statement was writ- 
ten in a somewhat different form. 

The fact that the system of external forces is equivalent to the 
system of the effective forces has been emphasized by the use of a 
red equals sign in Fig. 16.6 and also in Fig. 16.7, where using results 
obtained earlier in this section, we have replaced the effective forces 
by a vector ma attached at the mass center G of the slab and a 
couple of moment Ia. 


This result has already been derived in Sec. 3.19 from the principle of transmissibility 
(Sec. 3.3). The present derivation is independent of that principle, however, and will 
make possible its elimination from the axioms of mechanics (Sec. 16.5). 


16.4 Plane Motion of a Rigid Body. 


D’Alembert’s Principle 


Fig. 16.5 


(a) 
Fig. 16.7 
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(a) 
Fig. 16.7 (repeated) 


(a) 
Fig. 16.8 Translation. 


(a) 
Fig. 16.9 Centroidal rotation. 


ma 


ma 


Translation. In the case of a body in translation, the angular accel- 
eration of the body is identically equal to zero and its effective forces 
reduce to the vector ma attached at G (Fig. 16.8). Thus, the resultant 
of the external forces acting on a rigid body in translation passes 
through the mass center of the body and is equal to ma. 


Centroidal Rotation. When a slab, or, more generally, a body 
symmetrical with respect to the reference plane, rotates about a fixed 
axis perpendicular to the reference plane and passing through its 
mass center G, we say that the body is in centroidal rotation. Since 
the acceleration a is identically equal to zero, the effective forces 
of the body reduce to the couple I@ (Fig. 16.9). Thus, the external 
forces acting on a body in centroidal rotation are equivalent to a 
couple of moment Ia. 


General Plane Motion. Comparing Fig. 16.7 with Figs. 16.8 and 
16.9, we observe that from the point of view of kinetics, the most 
general plane motion of a rigid body symmetrical with respect to the 
reference plane can be replaced by the sum of a translation and a 
centroidal rotation. We should note that this statement is more 
restrictive than the similar statement made earlier from the point of 
view of kinematics (Sec. 15.5), since we now require that the mass 
center of the body be selected as the reference point. 

Referring to Eqs. (16.6), we observe that the first two equations 
are identical with the equations of motion of a particle of mass m acted 
upon by the given forces F,, F2, F3, . .. We thus check that the mass 
center G of a rigid body in plane motion moves as if the entire mass of 
the body were concentrated at that point, and as if all the external forces 
acted on it. We recall that this result has already been obtained in Sec. 
14.4 in the general case of a system of particles, the particles being not 
necessarily rigidly connected. We also note, as we did in Sec. 14.4, that 
the system of the external forces does not, in general, reduce to a single 
vector ma attached at G. Therefore, in the general case of the plane 
motion of a rigid body, the resultant of the external forces acting on the 
body does not pass through the mass center of the body. 

Finally, it should be observed that the last of Eqs. (16.6) would 
still be valid if the rigid body, while subjected to the same applied 
forces, were constrained to rotate about a fixed axis through G. Thus, 
a rigid body in plane motion rotates about its mass center as if this 
point were fixed. 


*16.5 A REMARK ON THE AXIOMS OF THE 
MECHANICS OF RIGID BODIES 


The fact that two equipollent systems of external forces acting on a 
rigid body are also equivalent, i.e., have the same effect on that rigid 
body, has already been established in Sec. 3.19. But there it was 
derived from the principle of transmissibility, one of the axioms used 
in our study of the statics of rigid bodies. It should be noted that 
this axiom has not been used in the present chapter because Newton's 
second and third laws of motion make its use unnecessary in the 
study of the dynamics of rigid bodies. 

In fact, the principle of transmissibility may now be derived 
from the other axioms used in the study of mechanics. This principle 


stated, without proof (Sec. 3.3), that the conditions of equilibrium or 
motion of a rigid body remain unchanged if a force F acting at a given 
point of the rigid body is replaced by a force F’ of the same magni- 
tude and same direction, but acting at a different point, provided 
that the two forces have the same line of action. But since F and F’ 
have the same moment about any given point, it is clear that they 
form two equipollent systems of external forces. Thus, we may now 
prove, as a result of what we established in the preceding section, 
that F and F’ have the same effect on the rigid body (Fig. 3.3). 

The principle of transmissibility can therefore be removed from 
the list of axioms required for the study of the mechanics of rigid 
bodies. These axioms are reduced to the parallelogram law of addi- 
tion of vectors and to Newton’s laws of motion. 


16.6 SOLUTION OF PROBLEMS INVOLVING 
THE MOTION OF A RIGID BODY 


We saw in Sec. 16.4 that when a rigid body is in plane motion, there 
exists a fundamental relation between the forces F), Fo, F3, .. . , acting 
on the body, the acceleration a of its mass center, and the angular 
acceleration @ of the body. This relation, which is represented in Fig. 
16.7 in the form of a free-body-diagram equation, can be used to deter- 
mine the acceleration a and the angular acceleration @ produced by a 
given system of forces acting on a rigid body or, conversely, to deter- 
mine the forces which produce a given motion of the rigid body. 

The three algebraic equations (16.6) can be used to solve prob- 
lems of plane motion.t However, our experience in statics suggests 
that the solution of many problems involving rigid bodies could be 
simplified by an appropriate choice of the point about which the 
moments of the forces are computed. It is therefore preferable to 
remember the relation existing between the forces and the accelera- 
tions in the pictorial form shown in Fig. 16.7 and to derive from this 
fundamental relation the component or moment equations which fit 
best the solution of the problem under consideration. 

The fundamental relation shown in Fig. 16.7 can be presented 
in an alternative form if we add to the external forces an inertia vec- 
tor —ma of sense opposite to that of a, attached at G, and an inertia 
couple —I@ of moment equal in magnitude to Ia and of sense oppo- 
site to that of a (Fig. 16.10). The system obtained is equivalent to 
zero, and the rigid body is said to be in dynamic equilibrium. 

Whether the principle of equivalence of external and effective 
forces is directly applied, as in Fig. 16.7, or whether the concept of dy- 
namic equilibrium is introduced, as in Fig. 16.10, the use of free-body- 
diagram equations showing vectorially the relationship existing between 
the forces applied on the rigid body and the resulting linear and angular 
accelerations presents considerable advantages over the blind application 
of formulas (16.6). These advantages can be summarized as follows: 


1. The use of a pictorial representation provides a much clearer under- 
standing of the effect of the forces on the motion of the body. 


tWe recall that the last of Eqs. (16.6) is valid only in the case of the plane motion of 
a rigid body symmetrical with respect to the reference plane. In all other cases, the 
methods of Chap. 18 should be used. 


16.6 Solution of Problems Involving the 


Fig. 3.3 


Fig. 16.10 


Motion of a Rigid Body 


(repeated) 
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(a) (b) 
Fig. 16.7 (repeated) 


Fig. 16.10 (repeated) 


Photo 16.3 The forklift and moving load can 
be analyzed as a system of two connected rigid 
bodies in plane motion. 


2. This approach makes it possible to divide the solution of a 
dynamics problem into two parts: In the first part, the analysis 
of the kinematic and kinetic characteristics of the problem 
leads to the free-body diagrams of Fig. 16.7 or 16.10; in the 
second part, the diagram obtained is used to analyze the various 
forces and vectors involved by the methods of Chap. 3. 

3. A unified approach is provided for the analysis of the plane 
motion of a rigid body, regardless of the particular type of 
motion involved. While the kinematics of the various motions 
considered may vary from one case to the other, the approach 
to the kinetics of the motion is consistently the same. In every 
case a diagram will be drawn showing the external forces, the 
vector ma associated with the motion of G, and the couple Ia 
associated with the rotation of the body about G. 

4. The resolution of the plane motion of a rigid body into a transla- 
tion and a centroidal rotation, which is used here, is a basic con- 
cept which can be applied effectively throughout the study of 
mechanics. It will be used again in Chap. 17 with the method of 
work and energy and the method of impulse and momentum. 

5. As you will see in Chap. 18, this approach can be extended to 
the study of the general three-dimensional motion of a rigid 
body. The motion of the body will again be resolved into a 
translation and a rotation about the mass center, and free-body- 
diagram equations will be used to indicate the relationship 
existing between the external forces and the rates of change of 
the linear and angular momentum of the body. 


16.7 SYSTEMS OF RIGID BODIES 


The method described in the preceding section can also be used 
in problems involving the plane motion of several connected rigid 
bodies. For each part of the system, a diagram similar to Fig. 16.7 
or Fig. 16.10 can be drawn. The equations of motion obtained from 
these diagrams are solved simultaneously. 

In some cases, as in Sample Prob. 16.3, a single diagram can 
be drawn for the entire system. This diagram should include all the 
external forces, as well as the vectors ma and the couples [@ associ- 
ated with the various parts of the system. However, internal forces 
such as the forces exerted by connecting cables, can be omitted since 
they occur in pairs of equal and opposite forces and are thus equipol- 
lent to zero. The equations obtained by expressing that the system 
of the external forces is equipollent to the system of the effective 
forces can be solved for the remaining unknowns. t 

It is not possible to use this second approach in problems 
involving more than three unknowns, since only three equations of 
motion are available when a single diagram is used. We need not 
elaborate upon this point, since the discussion involved would be 
completely similar to that given in Sec. 6.11 in the case of the equi- 
librium of a system of rigid bodies. 


tNote that we cannot speak of equivalent systems since we are not dealing with a single 


rigid body. 


SAMPLE PROBLEM 16.1 


When the forward speed of the truck shown was 30 ft/s, the brakes were 
suddenly applied, causing all four wheels to stop rotating. It was observed 
that the truck skidded to rest in 20 ft. Determine the magnitude of the 
normal reaction and of the friction force at each wheel as the truck skidded 
to rest. 


SOLUTION 


Kinematics of Motion. Choosing the positive sense to the right and using 
the equations of uniformly accelerated motion, we write 


by = +30 ft/s vo = 04 + 2ax 0 = (30)? + 2a(20) 
a = —22.5 fi/s* a= 22.5 fs — 


Equations of Motion. The external forces consist of the weight W of the 
truck and of the normal reactions and friction forces at the wheels. (The 
vectors N, and Fy, represent the sum of the reactions at the rear wheels, 
while Ng and Fs, represent the sum of the reactions at the front wheels.) 
Since the truck is in translation, the effective forces reduce to the vector 
ma attached at G. Three equations of motion are obtained by expressing 
that the system of the external forces is equivalent to the system of the 
effective forces. 


+ (2h, = DE ee: Na ar Ng ot W =0 


Since Fy, = pxN, and Fz = pyxNpz, where py; is the coefficient of kinetic 
friction, we find that 


Fy + Fp = pyx(Na + Ng) = W 


DF, = =(F yer: —(F, + Fz) = —ma 
We 22.5 ft/s” 
Me 32. 2f0/e | a 
by. = 0.699 
+5 XM, = =(Ma)ece: —W(5 ft) + Np(12 ft) = ma(4 ft) 
—W(5ft) + Ng(12ft) = ———~(22.5ft/s”) (4ft 
(5 ft) p(12ft) Se. s)(4ft) 
Nz = 0.650W 


Fz = pNg = (0.699)(0.650W) Fz = 0.454W 
(2H, = Zi ae: Na ar Ng a W =0 
N, + 0.650W - W=0 
Na = 0.350W 
Fy = pxNa = (0.699)(0.350W) Fy, = 0.245W 


Reactions at Each Wheel. Recalling that the values computed above rep- 
resent the sum of the reactions at the two front wheels or the two rear 
wheels, we obtain the magnitude of the reactions at each wheel by writing 
Nee = Ne = eoo i Ne = N= OL 4 
Front = Fp = 0.227W = Frear = 5F, = 0.122W 
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SAMPLE PROBLEM 16.2 


The thin plate ABCD of mass 8 kg is held in the position shown by the wire 
BH and two links AE and DF. Neglecting the mass of the links, determine 
immediately after wire BH has been cut (a) the acceleration of the plate, 
(b) the force in each link. 


SOLUTION 


Kinematics of Motion. After wire BH has been cut, we observe that 
corners A and D move along parallel circles of radius 150 mm centered, 
respectively, at E and F. The motion of the plate is thus a curvilinear 
translation; the particles forming the plate move along parallel circles of 
radius 150 mm. 

At the instant wire BH is cut, the velocity of the plate is zero. Thus 
the acceleration a of the mass center G of the plate is tangent to the circular 


path which will be described by G. 


Equations of Motion. The external forces consist of the weight W and the 
forces Fa; and Fp, exerted by the links. Since the plate is in translation, 
the effective forces reduce to the vector ma attached at G and directed 
along the ¢ axis. A free-body-diagram equation is drawn to show that the 
system of the external forces is equivalent to the system of the effective 
forces. 


a. Acceleration of the Plate. 


+Y4>F, = =(F,) er: 
W cos 30° = ma 
mg cos 30° = ma 
@ = g cos 30° = (9.81 m/s’) cos 30° (1) 
a = 8.50 m/s? 60° ~< 
b. Forces in Links AE and DF. 
SP OWE, = D(Fr)etr: Far ate For — W sin 30° = 0 (2) 
+)2Mg = =(Me)etr: 
(Fare sin 30°)(250 mm) — (Far cos 30°)(100 mm) 
+ (Fpr sin 30°)(250 mm) + (F pp cos 30°)(100 mm) = 0 
For = —0.1815F yr (3) 


Substituting for Fp, from (3) into (2), we write 


Far on 0.1815 F yp aaa W sin 30° = 0 
For = —0.1815(0.6109W) = —0.1109W 
Noting that W = mg = (8 kg)(9.81 m/s”) = 78.48 N, we have 


Far = 0.6109(78.48 N) Fy, =479NT 4 
Fpr = —0.1109(78.48N) Fprp=8.70NC 4 
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SAMPLE PROBLEM 16.3 


A pulley weighing 12 lb and having a radius of gyration of 8 in. is connected 
to two blocks as shown. Assuming no axle friction, determine the angular 
acceleration of the pulley and the acceleration of each block. 


SOLUTION 


Sense of Motion. Although an arbitrary sense of motion can be assumed 
(since no friction forces are involved) and later checked by the sign of the 
answer, we may prefer to determine the actual sense of rotation of the pulley 
first. The weight of block B required to maintain the equilibrium of the 
pulley when it is acted upon by the 5-Ib block A is first determined. We 
write 


+\=Mg = 0: W;(6 in.) — (5 Ib)(10 in.) = 0 Wz = 8.33 Ib 
Since block B actually weighs 10 Ib, the pulley will rotate counterclockwise. 


Kinematics of Motion. Assuming @ counterclockwise and noting that 
ad, = rasa and ag = rga, we obtain 


a=(Giet  as=(% fal 


Equations of Motion. A single system consisting of the pulley and the two 
blocks is considered. Forces external to this system consist of the weights 
of the pulley and the two blocks and of the reaction at G. (The forces 
exerted by the cables on the pulley and on the blocks are internal to the 
system considered and cancel out.) Since the motion of the pulley is a cen- 
troidal rotation and the motion of each block is a translation, the effective 
forces reduce to the couple J@ and the two vectors ma, and mag The 
centroidal moment of inertia of the pulley is 


= =% = 12] 
fone a pee 
g BOOT Ss 


(5 ft)? = 0.1656 lb - ft - s? 
Since the system of the external forces is equipollent to the system of the 
effective forces, we write 
+\ZMg = 2(Mo)ete: 
(10 Ib)Gs fe) — (5 Ib)Gs ft) = tla + maz; ft) + msa,Ge ft) 
(10)(q3) — (5)(iz) = 0.1656a + gy9(R@\(i3) + sal: 


a = +2.374 rad/s” a = 2.37 
dy = rasa = (1% ft)(2.374 rad/s”) a, = 1.978 ft/s” 
Op = hw = (S ft)(2.374 rad/s”) il 


i) 
w 
| 
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SAMPLE PROBLEM 16.4 


A cord is wrapped around a homogeneous disk of radius r = 0.5 m and 
mass m = 15 kg. If the cord is pulled upward with a force T of magnitude 
180 N, determine (a) the acceleration of the center of the disk, (b) the 
angular acceleration of the disk, (c) the acceleration of the cord. 


SOLUTION 


Equations of Motion. We assume that the components a, and a, of the 
acceleration of the center are directed, respectively, to the right and upward 
and that the angular acceleration of the disk is counterclockwise. The exter- 
nal forces acting on the disk consist of the weight W and the force T exerted 
by the cord. This system is equivalent to the system of the effective forces, 
which consists of a vector of components ma, and ma, attached at G and 
a couple Ia. We write 


SUF, = 2(Fy)ete: 0 = ma, a,=0 <4 
1 (ae, = DP ed: T-W= 


m 


Since T = 180 N, m = 15 kg, and W = (15 kg)(9.81 m/s”) = 147.1 N, we 
have 


_ _ 180N — 147.1N 


a, Bke = +2.19m/s?  a,=219m/st < 
+5IMc = (Me ete: —Tr= Ia 
—Tr = ($mr*)a 
2T 2(180 N 5 
a= = ( = —48.0 rad/s” 


mr (15 kg)(0.5 m) 
a = 48.0 rad/s’) 


Acceleration of Cord. Since the acceleration of the cord is equal to the 
tangential component of the acceleration of point A on the disk, we write 
Aoord = (ay); =z a ar (aac): 
= [2.19 m/s*t] + [(0.5 m)(48 rad/s”) 7] 
Acord = 26.2 m/s” <q 
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SAMPLE PROBLEM 16.5 


A uniform sphere of mass m and radius r is projected along a rough hori- 
zontal surface with a linear velocity Vy and no angular velocity. Denoting by 
by the coefficient of kinetic friction between the sphere and the floor, deter- 
mine (a) the time ¢, at which the sphere will start rolling without sliding, 
(b) the linear velocity and angular velocity of the sphere at time ¢}. 


SOLUTION 


Equations of Motion. The positive sense is chosen to the right for a and 
clockwise for a. The external forces acting on the sphere consist of the 
weight W, the normal reaction N, and the friction force F. Since the point 
of the sphere in contact with the surface is sliding to the right, the friction 
force F is directed to the left. While the sphere is sliding, the magnitude 
of the friction force is F = p4N. The effective forces consist of the vector 
ma attached at G and the couple Ia. Expressing that the system of the 
external forces is equivalent to the system of the effective forces, we write 


+P SF, = L(Fyen: N-W=0 
N=W=mg F = pyN = wymeg 
SF, = SUF) ve —F = ma —pying = ma a = — we 


+)=Me = =(Me)etr: Fr = Ta 
Noting that I = 3mr” and substituting the value obtained for F, we write 
ce 5 Mk 
peo Saye eee ae 
(ung )r = smr-a OS 


Kinematics of Motion. As long as the sphere both rotates and slides, its 
linear and angular motions are uniformly accelerated. 


t = 0,0 = to D = Gy vr Gl = Gy — (Se (1) 
5 Mk 

t = 0,@ = 0 w= oy + ar=0+ (3), (2) 
r 


The sphere will start rolling without sliding when the velocity vc of 
the point of contact C is zero. At that time, t = t,, point C becomes the 
instantaneous center of rotation, and we have 

01 = ra, (3) 


Substituting in (3) the values obtained for v; and w, by making ¢ = ¢; in 
(1) and (2), respectively, we write 


ee 5) rg ) 2 bo 
Oy = (Gian = Pll = ——t i= = < 
07 Bret (2 Pc! 1 7 wg 
Substituting for t, into (2), we have 
5 Kreg 5 Brg 2) vo 5) vo 5 Vo 
a, = tls Oa Oo ey A 
QF 2 r \7 preg LP it 
= BB a ite a 
v1 roy = r(2*2) 01 = 70 Vi=7m—> <4 
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SOLVING IPROBLEMS 
JN FOUR OWN 


To chapter deals with the plane motion of rigid bodies, and in this first lesson 
we considered rigid bodies that are free to move under the action of applied 
forces. 


1. Effective forces. We first recalled that a rigid body consists of a large number 
of particles. The effective forces of the particles forming the body were found to 
be equivalent to a vector ma attached at the mass center G of the body and a 
couple of moment I@ [Fig. 16.7]. Noting that the applied forces are equivalent to 
the effective forces, we wrote 
XF. = ma, LF, = ma, =Mc = Ia (16.5) 

where a, and a, are the x and y components of the acceleration of the mass center 
G of the body and a is the angular acceleration of the body. It is important to 
note that when these equations are used, the moments of the applied forces 
must be computed with respect to the mass center of the body. However, you learned 
a more efficient method of solution based on the use of a free-body-diagram 
equation. 


2. Free-body-diagram equation. Your first step in the solution of a problem 
should be to draw a free-body-diagram equation. 

a. A free-body-diagram equation consists of two diagrams representing two 
equivalent systems of vectors. In the first diagram you should show the forces 
exerted on the body, including the applied forces, the reactions at the supports, 
and the weight of the body. In the second diagram you should show the vector 
ma and the couple I@ representing the effective forces. 

b. Using a free-body-diagram equation allows you to sum components in 
any direction and to sum moments about any point. When writing the three equa- 
tions of motion needed to solve a given problem, you can therefore select one or 
more equations involving a single unknown. Solving these equations first and sub- 
stituting the values obtained for the unknowns into the remaining equation(s) will 
yield a simpler solution. 


3. Plane motion of a rigid body. The problems that you will be asked to solve 
will fall into one of the following categories. 

a. Rigid body in translation. For a body in translation, the angular accelera- 
tion is zero. The effective forces reduce to the vector ma applied at the mass 
center [Sample Probs. 16.1 and 16.2]. 

b. Rigid body in centroidal rotation. For a body in centroidal rotation, the 
acceleration of the mass center is zero. The effective forces reduce to the couple 
Ia [Sample Prob. 16.3]. 

c. Rigid body in general plane motion. You can consider the general plane 
motion of a rigid body as the sum of a translation and a centroidal rotation. The 


effective forces are equivalent to the vector ma and the couple I@ [Sample Probs. 
16.4 and 16.5]. 


4. Plane motion of a system of rigid bodies. You first should draw a free-body- 
diagram equation that includes all the rigid bodies of the system. A vector ma and 
a couple Iq@ are attached to each body. However, the forces exerted on each other 
by the various bodies of the system can be omitted, since they occur in pairs of 
equal and opposite forces. 

a. If no more than three unknowns are involved, you can use this free- 
body-diagram equation and sum components in any direction and sum moments 
about any point to obtain equations that can be solved for the desired unknowns 
[Sample Prob. 16.3]. 

b. If more than three unknowns are involved, you must draw a separate 
free-body-diagram equation for each of the rigid bodies of the system. Both inter- 
nal forces and external forces should be included in each of the free-body-diagram 
equations, and care should be taken to represent with equal and opposite vectors 
the forces that two bodies exert on each other. 


1039 


1040 


PROBLEMS 


16.1 


16.2 


16.3 


Fig. P16.1 and P16.2 


16.4 


16.5 


Fig. P16.7 


16.6 


16.7 


16.8 


A conveyor system is fitted with vertical panels, and a 300-mm rod 
AB of mass 2.5 kg is lodged between two panels as shown. Knowing 
that the acceleration of the system is 1.5 m/s” to the left, determine 
(a) the force exerted on the rod at C, (b) the reaction at B. 


A conveyor system is fitted with vertical panels, and a 300-mm rod 
AB of mass 2.5 kg is lodged between two panels as shown. If the 
rod is to remain in the position shown, determine the maximum 
allowable acceleration of the system. 


A 6-ft board is placed in a truck with one end resting against a 
block secured to the floor and the other leaning against a vertical 
partition. Determine the maximum allowable acceleration of the 
truck if the board is to remain in the position shown. 


Fig. P16.3 


A uniform rod BC weighing 8 lb is connected to a collar A by a 
10-in. cord AB. Neglecting the mass of the collar and cord, deter- 
mine (a) the smallest constant acceleration ay for which the cord 
and the rod will lie in a straight line, (b) the corresponding tension 
in the cord. 


Knowing that the coefficient of static friction between the tires and 
the road is 0.80 for the automobile shown, determine the maximum 
possible acceleration on a level road, assuming (a) four-wheel drive, 
(b) rear-wheel drive, (c) front-wheel drive. 


60 in. AO in. 


Fig. P16.5 


For the truck of Sample Prob. 16.1, determine the distance through 
which the truck will skid if (a) the rear-wheel brakes fail to operate, 
(b) the front-wheel brakes fail to operate. 


A 20-kg cabinet is mounted on casters that allow it to move freely 
(w = 0) on the floor. If a 100-N force is applied as shown, deter- 
mine (a) the acceleration of the cabinet, (b) the range of values of 
h for which the cabinet will not tip. 


Solve Prob. 16.7, assuming that the casters are locked and slide on 
the rough floor (4, = 0.25). 


16.9 The forklift truck shown weighs 2250 lb and is used to lift a crate 
of weight W = 2500 lb. Knowing that the truck is at rest, deter- 
mine (a) the upward acceleration of the crate for which the reac- 
tions at the rear wheels B are zero, (b) the corresponding reaction 
at each of the front wheels A. 


K— 3 ft | 4 ft | 3 ft | 


Fig. P16.9 and P16.10 


16.10 The forklift truck shown weighs 2250 lb and is used to lift a crate 


16.11 


16.12 


16.13 


of weight W = 2500 lb. The truck is moving to the left at a speed 
of 10 ft/s when the brakes are applied on all four wheels. Knowing 
that the coefficient of static friction between the crate and the fork 
lift is 0.30, determine the smallest distance in which the truck can 
be brought to a stop if the crate is not to slide and if the truck is 
not to tip forward. 


The support bracket shown is used to transport a cylindrical can 
from one elevation to another. Knowing that 4, = 0.25 between the 
can and the bracket, determine (a) the magnitude of the upward 
acceleration a for which the can will slide on the bracket, (b) the 
smallest ratio h/d for which the can will tip before it slides. 


Solve Prob. 16.11, assuming that the acceleration a of the bracket 
is directed downward. 


A completely filled barrel and its contents have a combined 
weight of 200 Ib. A cylinder C is connected to the barrel at a 
height h = 22 in. as shown. Knowing uw, = 0.40 and py, = 0.35, 
determine the maximum weight of C so the barrel will not tip. 


ee 


Fig. P16.13 


Fig. P16.11 


Problems 


1041 


Plane Motion of Rigid Bodies: 
Forces and Accelerations 


1042 16.14 


16.15 


16.16 


Fig. P16.16 


t 15 in. "| 


16.17 
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16.18 
15 in 
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A uniform rectangular plate has a mass of 5 kg and is held in posi- 
tion by three ropes as shown. Knowing that @ = 30°, determine, 
immediately after rope CF has been cut, (a) the acceleration of the 
plate, (b) the tension in ropes AD and BE. 


240 mm 


|< 300 mm > 


Fig. P16.14 and P16.15 


A uniform rectangular plate has a mass of 5 kg and is held in posi- 
tion by three ropes as shown. Determine the largest value of 0 for 
which both ropes AD and BE remain taut immediately after rope 
CF has been cut. 


A uniform circular plate of mass 3 kg is attached to two links AC 
and BD of the same length. Knowing that the plate is released 
from rest in the position shown, determine (a) the acceleration of 
the plate, (b) the tension in each link. 


Three bars, each of weight 8 lb, are welded together and are pin- 
connected to two links BE and CF. Neglecting the weight of the 
links, determine the force in each link immediately after the system 
is released from rest. 


At the instant shown the angular velocity of links BE and CF is 
6 rad/s counterclockwise and is decreasing at the rate of 12 rad/s”. 
Knowing that the length of each link is 300 mm and neglecting the 
weight of the links, determine (a) the force P, (b) the correspond- 
ing force in each link. The mass of rod AD is 6 kg. 


2er do 50 ap ® “yy J 
/// ki 
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Fig. P16.18 


16.19 


16.20 


*16.21 


*16.22 


16.23 


16.24 


16.25 


The 15-lb rod BC connects a disk centered at A to crank CD. 
Knowing that the disk is made to rotate at the constant speed of 
180 rpm, determine for the position shown the vertical compo- 
nents of the forces exerted on rod BC by pins at B and C. 


The triangular weldment ABC is guided by two pins that slide 
freely in parallel curved slots of radius 6 in. cut in a vertical plate. 
The weldment weighs 16 lb and its mass center is located at point 
G. Knowing that at the instant shown the velocity of each pin is 
30 in./s downward along the slots, determine (a) the acceleration 
of the weldment, (b) the reactions at A and B. 


Jl | 


Fig. P16.20 


Draw the shear and bending-moment diagrams for the vertical rod 
AB of Prob. 16.17. 


Draw the shear and bending-moment diagrams for the connecting 
rod BC of Prob. 16.19. 


For a rigid slab in translation, show that the system of the effective 
forces consists of vectors (Am;)a attached to the various particles 
of the slab, where a is the acceleration of the mass center G of the 
slab. Further show, by computing their sum and the sum of their 
moments about G, that the effective forces reduce to a single vec- 
tor ma attached at G. 


For a rigid slab in centroidal rotation, show that the system of the 
effective forces consists of vectors —(Am;)@"r! and (Am;)(@ X r/) 
attached to the various particles P; of the slab, where w and @ are 
the angular velocity and angular acceleration of the slab, and where 
r; denotes the position vector of the particle P; relative to the mass 
center G of the slab. Further show, by computing their sum and 
the sum of their moments about G, that the effective forces reduce 
to a couple Ia. 


It takes 10 min for a 6000-lb flywheel to coast to rest from an 
angular velocity of 300 rpm. Knowing that the radius of gyration 
of the flywheel is 36 in., determine the average magnitude of the 
couple due to kinetic friction in the bearings. 


Problems 
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Fig. P16.19 


Fig. P16.23 


(Am;)(a@ x r';) 


Fig. P16.24 


1044 Plane Motion of Rigid Bodies: 16.26 The rotor of an electric motor has an angular velocity of 3600 rpm 
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when the load and power are cut off. The 50-kg rotor, which has a 
centroidal radius of gyration of 180 mm, then coasts to rest. Know- 
ing that kinetic friction results in a couple of magnitude 3.5 N - m 
exerted on the rotor, determine the number of revolutions that the 
rotor executes before coming to rest. 


16.27 The 180-mm-radius disk is at rest when it is placed in contact with 
a belt moving at a constant speed. Neglecting the weight of the 
link AB and knowing that the coefficient of kinetic friction between 
the disk and the belt is 0.40, determine the angular acceleration 
of the disk while slipping occurs. 


16.28 Solve Prob. 16.27, assuming that the direction of motion of the 
belt is reversed. 


16.29 The 150-mm-radius brake drum is attached to a larger flywheel 
that is not shown. The total mass moment of inertia of the drum 
and the flywheel is 75 kg - m”. A band brake is used to control 
the motion of the system and the coefficient of kinetic friction 
between the belt and the drum is 0.25. Knowing that the 100-N 
force P is applied when the initial angular velocity of the system 
is 240 rpm clockwise, determine the time required for the system 
to stop. Show that the same result is obtained if the initial angular 
velocity of the system is 240 rpm counterclockwise. 


16.30 The 8-in.-radius brake drum is attached is a larger flywheel that is 
not shown. The total mass moment of inertia of the drum and the 
flywheel is 14 lb - ft - s’ and the coefficient of kinetic friction 
between the drum and the brake shoe is 0.35. Knowing that the 
angular velocity of the flywheel is 360 rpm counterclockwise when 

Fig. P16.29 a force P of magnitude 75 Ib is applied to the pedal C, determine 

the number of revolutions executed by the flywheel before it comes 

to rest. 


~< 15 in. >| 


Fig. P16.30 


16.31 Solve Prob. 16.30, assuming that the initial angular velocity of the 
flywheel is 360 rpm clockwise. 


16.32 The flywheel shown has a radius of 500 mm, a mass of 120 kg, 
and a radius of gyration of 375 mm. A 15-kg block A is attached 
to a wire that is wrapped around the flywheel, and the system is 
released from rest. Neglecting the effect of friction, determine 
(a) the acceleration of block A, (b) the speed of block A after it 
has moved 1.5 m. 


16.33 In order to determine the mass moment of inertia of a flywheel of 
radius 600 mm, a 12-kg block is attached to a wire that is wrapped 
around the flywheel. The block is released and is observed to fall 
3 m in 46 s. To eliminate bearing friction from the computation, 
a second block of mass 24 kg is used and is observed to fall 3 m 
in 3.1 s. Assuming that the moment of the couple due to friction 
remains constant, determine the mass moment of inertia of the 


flywheel. 


16.34 Each of the double pulleys shown has a mass moment of inertia 
of 15 Ib - ft - s? and is initially at rest. The outside radius is 18 in., 
and the inner radius is 9 in. Determine (a) the angular acceleration 
of each pulley, (b) the angular velocity of each pulley after point 
A on the cord has moved 10 ft. 


160 Ib 160 Ib 4601b 3001b 80 lb 


(1) (2) (3) (4) 
Fig. P16.34 


16.35 Each of the gears A and B weighs 20 lb and has a radius of gyra- 
tion of 7.5 in.; gear C weighs 5 Ib and has a radius of gyration of 
3 in. If a couple M of constant magnitude 50 lb - in. is applied to 
gear C, determine (a) the angular acceleration of gear A, (b) the 
tangential force which gear C exerts on gear A. 


Fig. P16.35 


16.36 Solve Prob. 16.35, assuming that the couple M is applied to disk A. 


Fig. P16.32 and P16.33 


Problems 
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Fig. P16.37 


16.39 


Fig. P16.41 16.42 


and 16.38 Two uniform disks and two cylinders are assembled 

as indicated. Disk A weighs 20 lb and disk B weighs 12 Ib. Knowing 

that the system is released from rest, determine the acceleration 
(a) of cylinder C, (b) of cylinder D. 

16.37 Disks A and B are bolted together and the cylinders 

are attached to separate cords wrapped on the disks. 

16.38 The cylinders are attached to a single cord that passes 

over the disks. Assume that no slipping occurs between 


the cord and the disks. 


Fig. P16.38 


Disk A has a mass of 6 kg and an initial angular velocity of 360 rpm 
clockwise; disk B has a mass of 3 kg and is initially at rest. The 
disks are brought together by applying a horizontal force of 
magnitude 20 N to the axle of disk A. Knowing that yw, = 0.15 
between the disks and neglecting bearing friction, determine 
(a) the angular acceleration of each disk, (b) the final angular veloc- 
ity of each disk. 


Fig. P16.39 


Solve Prob. 16.39, assuming that initially disk A is at rest and disk 
B has an angular velocity of 360 rpm clockwise. 


A belt of negligible mass passes between cylinders A and B and is 
pulled to the right with a force P. Cylinders A and B weigh, respec- 
tively, 5 and 20 Ib. The shaft of cylinder A is free to slide in a vertical 
slot and the coefficients of friction between the belt and each of the 
cylinders are uw, = 0.50 and py, = 0.40. For P = 3.6 lb, determine 
(a) whether slipping occurs between the belt and either cylinder, 
(b) the angular acceleration of each cylinder. 


Solve Prob. 16.41 for P = 2.00 lb. 


16.43 


16.44 


16.45 


16.46 


16.47 


16.48 


16.49 


The 6-lb disk A has a radius r,s = 3 in. and an initial angular 
velocity @) = 375 rpm clockwise. The 15-lb disk B has a radius 
rg = 5 in. and is at rest. A force P of magnitude 2.5 lb is then 
applied to bring the disks into contact. Knowing that yu, = 0.25 
between the disks and neglecting bearing friction, determine 
(a) the angular acceleration of each disk, (b) the final angular 


velocity of each disk. 


Solve Prob. 16.43, assuming that disk A is initially at rest and that 
disk B has an angular velocity of 375 rpm clockwise. 


Disk B has an angular velocity w» when it is brought into contact 
with disk A, which is at rest. Show that (a) the final angular veloci- 
ties of the disks are independent of the coefficient of friction py 
between the disks as long as 4, # 0, (b) the final angular velocity 
of disk B depends only upon @p and the ratio of the masses m, 
and mg of the two disks. 


Show that the system of the effective forces for a rigid slab in plane 
motion reduces to a single vector, and express the distance from 
the mass center G of the slab to the line of action of this vector in 
terms of the centroidal radius of gyration k of the slab, the magni- 
tude @ of the acceleration of G, and the angular acceleration a. 


For a rigid slab in plane motion, show that the system of the effective 
forces consists of vectors (Am;)a, —(Am,)o7x} and (Am)(@ x r') 
attached to the various particles P, of the slab, where a is the 
acceleration of the mass center G of the slab, w is the angular 
velocity of the slab, @ is its angular acceleration, and r; denotes the 
position vector of the particle P;, relative to G. Further show, by 
computing their sum and the sum of their moments about G, that 
the effective forces reduce to a vector ma attached at G and a 
couple Ia. 


A uniform slender rod AB rests on a frictionless horizontal surface, 
and a force P of magnitude 0.25 lb is applied at A in a direction 
perpendicular to the rod. Knowing that the rod weighs 1.75 Ib, 
determine the acceleration of (a) point A, (b) point B. 


y 


Fig. P16.48 


(a) In Prob. 16.48, determine the point of the rod AB at which the 
force P should be applied if the acceleration of point B is to be 
zero. (b) Knowing that P = 0.25 Ib, determine the corresponding 
acceleration of point A. 


Problems 


Fig. P16.43 and P16.45 


(Am,)(@ x r';) 


Fig. P16.47 
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1048 Plane Motion of Rigid Bodies: 16.50 and 16.51 A force P of magnitude 3 N is applied to a tape 
wrapped around the body indicated. Knowing that the body rests 
on a frictionless horizontal surface, determine the acceleration of 
(a) point A, (b) point B. 

16.50 A thin hoop of mass 2.4 kg. 

16.51 A uniform disk of mass 2.4 kg. 


Forces and Accelerations 


Fig. P16.50 Fig. P16.51 and P16.52 


16.52 A force P is applied to a tape wrapped around a uniform disk that 
rests on a frictionless horizontal surface. Show that for each 360° 

ale rotation of the disk the center of the disk will move a distance rr. 
__ 
a 16.53 A 120-kg satellite has a radius of gyration of 600 mm with respect 

to the y axis and is symmetrical with respect to the zx plane. Its 
orientation is changed by firing four small rockets A, B, C, and D, 

each of which produces a 16.20-N thrust T directed as shown. 
Determine the angular acceleration of the satellite and the accel- 

eration of its mass center G (a) when all four rockets are fired, 


(b) when all rockets except D are fired. 


Fig. P16.53 


16.54 A rectangular plate of mass 5 kg is suspended from four vertical 
wires, and a force P of magnitude 6 N is applied to corner C as 
shown. Immediately after P is applied, determine the acceleration 
of (a) the midpoint of edge BC, (b) corner B. 


400 mm 


Fig. P16.54 


16.55 


16.56 


16.57 


16.59 


16.60 


A 3-kg sprocket wheel has a centroidal radius of gyration of 70 mm 
and is suspended from a chain as shown. Determine the accelera- 
tion of points A and B of the chain, knowing that T, = 14 N and 
Tz = 18N. 


Fig. P16.55 


Solve Prob. 16.55, assuming that Ty = 14 N and Tg = 12 N. 


and 16.58 A 15-ft beam weighing 500 lb is lowered by means 
of two cables unwinding from overhead cranes. As the beam 
approaches the ground, the crane operators apply brakes to slow 
the unwinding motion. Knowing that the deceleration of cable A 
is 20 ft/s” and the deceleration of cable B is 2 ft/s”, determine the 
tension in each cable. 


The steel roll shown has a mass of 1200 kg, a centriodal radius of 
gyration of 150 mm, and is lifted by two cables looped around its 
shaft. Knowing that for each cable T, = 3100 N and Tz = 3300 N, 
determine (a) the angular acceleration of the roll, (b) the accelera- 
tion of its mass center. 


The steel roll shown has a mass of 1200 kg, has a centriodal radius 
of gyration of 150 mm, and is lifted by two cables looped around 
its shaft. Knowing that at the instant shown the acceleration of the 
roll is 150 mm/s” downward and that for each cable T, = 3000 N, 
determine (a) the corresponding tension Tz, (b) the angular accel- 
eration of the roll. 
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. 15 ft | 
Fig. P16.57 


. 


12 ft B 


B IB ft -| 
Fig. P16.58 


Fig. P16.59 and P16.60 


1050 Plane Motion of Rigid Bodies: 16.61 By pulling on the string of a yo-yo, a person manages to make the 
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yo-yo spin, while remaining at the same elevation above the floor. 
Denoting the mass of the yo-yo by m, the radius of the inner drum 
on which the string is wound by r, and the centroidal radius of 
gyration of the yo-yo by k, determine the angular acceleration of 
the yo-yo. 


Fig. P16.61 and P16.62 


16.62 The 3-0z yo-yo shown has a centroidal radius of gyration of 1.25 in. 
The radius of the inner drum on which a string is wound is 0.25 
in. Knowing that at the instant shown the acceleration of the cen- 
ter of the yo-yo is 3 ft/s” upward, determine (a) the required ten- 
sion T in the string, (b) the corresponding angular acceleration of 


the yo-yo. 


16.63 through 16.65 A beam AB of mass m and of uniform cross 
section is suspended from two springs as shown. If spring 2 breaks, 
determine at that instant (a) the angular acceleration of the bar, 
(b) the acceleration of point A, (c) the acceleration of point B. 


Fig. P16.64 Fig. P16.65 


16.66 


through 16.68 A thin plate of the shape indicated and of mass 
m is suspended from two springs as shown. If spring 2 breaks, 
determine the acceleration at that instant (a) of point A, (b) of 
point B. 

16.66 A circular plate of diameter b. 

16.67 A thin hoop of diameter b. 

16.68 A square plate of side b. 


Fig. P16.66 Fig. P16.67 
16.69 


16.70 


16.71 


16.72 


16.73 


16.74 


A bowler projects an 8-in.-diameter ball weighing 12 lb along an 
alley with a forward velocity vp of 15 ft/s and a backspin a of 
9 rad/s. Knowing that the coefficient of kinetic friction between the 
ball and the alley is 0.10, determine (a) the time t; at which the 
ball will start rolling without sliding, (b) the speed of the ball at 


time t,, (c) the distance the ball will have traveled at time t). 


Solve Prob. 16.69, assuming that the bowler projects the ball with 
the same forward velocity but with a backspin of 18 rad/s. 


A sphere of radius r and mass m is projected along a rough hori- 
zontal surface with the initial velocities indicated. If the final veloc- 
ity of the sphere is to be zero, express, in terms of vo, r, and py, 
(a) the required magnitude of , (b) the time t, required for the 
sphere to come to rest, (c) the distance the sphere will move before 
coming to rest. 


Solve Prob. 16.71, assuming that the sphere is replaced by a uni- 
form thin hoop of radius r and mass m. 


A uniform sphere of radius r and mass m is placed with no initial 
velocity on a belt that moves to the right with a constant velocity 
v,. Denoting by pu, the coefficient of kinetic friction between the 
sphere and the belt, determine (a) the time ft, at which the sphere 
will start rolling without sliding, (b) the linear and angular veloci- 
ties of the sphere at time f). 


A sphere of radius r and mass m has a linear velocity vp directed to 
the left and no angular velocity as it is placed on a belt moving to 
the right with a constant velocity v,. If after first sliding on the belt the 
sphere is to have no linear velocity relative to the ground as 
it starts rolling on the belt without sliding, determine in terms of 
v, and the coefficient of kinetic friction 4, between the sphere and 
the belt (a) the required value of vo, (b) the time t, at which the 
sphere will start rolling on the belt, (c) the distance the sphere will 
have moved relative to the ground at time ¢). 


Fig. P16.68 


é@ 


Fig. P16.69 
_ 


Fig. P16.71 


Fig. P16.74 
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Fig. 16.11 


16.8 CONSTRAINED PLANE MOTION 


Most engineering applications deal with rigid bodies which are mov- 
ing under given constraints. For example, cranks must rotate about 
a fixed axis, wheels must roll without sliding, and connecting rods 
must describe certain prescribed motions. In all such cases, definite 
relations exist between the components of the acceleration a of the 
mass center G of the body considered and its angular acceleration 
a; the corresponding motion is said to be a constrained motion. 

The solution of a problem involving a constrained plane motion 
calls first for a kinematic analysis of the problem. Consider, for exam- 
ple, a slender rod AB of length / and mass m whose extremities are 
connected to blocks of negligible mass which slide along horizontal 
and vertical frictionless tracks. The rod is pulled by a force P applied 
at A (Fig. 16.11). We know from Sec. 15.8 that the acceleration a of 
the mass center G of the rod can be determined at any given instant 
from the position of the rod, its angular velocity, and its angular accel- 
eration at that instant. Suppose, for example, that the values of 6, @, 
and @ are known at a given instant and that we wish to determine 
the corresponding value of the force P, as well as the reactions at A 
and B. We should first determine the components a, and a, of the 
acceleration of the mass center G by the method of Sec. 15.8. We 
next apply d’Alembert’s principle (Fig. 16.12), using the expressions 
obtained for a, and a,. The unknown forces P, Ny, and Ng can then 
be determined by writing and solving the appropriate equations. 


B 


Nz 


Fig. 16.12 


Suppose now that the applied force P, the angle 6, and the 
angular velocity w of the rod are known at a given instant and that 
we wish to find the angular acceleration a of the rod and the com- 
ponents @, and a, of the acceleration of its mass center at that instant, 
as well as the reactions at A and B. The preliminary kinematic study 
of the problem will have for its object to express the components a, 
and a, of the acceleration of G in terms of the angular acceleration 
a of the rod. This will be done by first expressing the acceleration 
of a suitable reference point such as A in terms of the angular accel- 
eration a. The components @, and a, of the acceleration of G can 
then be determined in terms of a, and the expressions obtained car- 
ried into Fig. 16.12. Three equations can then be derived in terms 
of a, Ny, and Nz and solved for the three unknowns (see Sample 


Prob. 16.10). Note that the method of dynamic equilibrium can also 
be used to carry out the solution of the two types of problems we 
have considered (Fig. 16.13). 

When a mechanism consists of several moving parts, the 
approach just described can be used with each part of the mecha- 
nism. The procedure required to determine the various unknowns is 
then similar to the procedure followed in the case of the equilibrium 
of a system of connected rigid bodies (Sec. 6.11). 

Earlier, we analyzed two particular cases of constrained plane 
motion: the translation of a rigid body, in which the angular accelera- 
tion of the body is constrained to be zero, and the centroidal rotation, 
in which the acceleration a of the mass center of the body is con- 
strained to be zero. Two other particular cases of constrained plane 
motion are of special interest: the noncentroidal rotation of a rigid 
body and the rolling motion of a disk or wheel. These two cases can 
be analyzed by one of the general methods described above. How- 
ever, in view of the range of their applications, they deserve a few 
special comments. 


Noncentroidal Rotation. The motion of a rigid body constrained 
to rotate about a fixed axis which does not pass through its mass 
center is called noncentroidal rotation. The mass center G of the 
body moves along a circle of radius r centered at the point O, where 
the axis of rotation intersects the plane of reference (Fig. 16.14). 
Denoting, respectively, by w and @ the angular velocity and the 
angular acceleration of the line OG, we obtain the following expres- 
sions for the tangential and normal components of the acceleration 


of G: 


(16.7) 


Since line OG belongs to the body, its angular velocity w and its 
angular acceleration @ also represent the angular velocity and the 
angular acceleration of the body in its motion relative to G. Equa- 
tions (16.7) define, therefore, the kinematic relation existing between 
the motion of the mass center G and the motion of the body about 
G. They should be used to eliminate a, and a,, from the equations 
obtained by applying d’Alembert’s principle (Fig. 16.15) or the 
method of dynamic equilibrium (Fig. 16.16). 


Fig. 16.13 
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Fig. 16.14 
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Plane Motion of Rigid Bodies: 
Forces and Accelerations 


Fig. 16.16 (repeated) 


Fig. 16.15 (repeated) 


An interesting relation is obtained by equating the moments 
about the fixed point O of the forces and vectors shown, respectively, 
in parts a and b of Fig. 16.15. We write 

+\2Mo = Ta + (mra)r = (I + mr*)a 


But according to the parallel-axis theorem, we have I + mr” = Io, 
where Ig denotes the moment of inertia of the rigid body about the 
fixed axis. We therefore write 


(16.8) 


Although formula (16.8) expresses an important relation between the 
sum of the moments of the external forces about the fixed point O 
and the product Ioa, it should be clearly understood that this for- 
mula does not mean that the system of the external forces is equiva- 
lent to a couple of moment Ioa. The system of the effective forces, 
and thus the system of the external forces, reduces to a couple only 
when O coincides with G—that is, only when the rotation is centroi- 
dal (Sec. 16.4). In the more general case of noncentroidal rotation, 
the system of the external forces does not reduce to a couple. 

A particular case of noncentroidal rotation is of special interest— 
the case of uniform rotation, in which the angular velocity w is con- 
stant. Since @ is zero, the inertia couple in Fig. 16.16 vanishes and 
the inertia vector reduces to its normal component. This component 
(also called centrifugal force) represents the tendency of the rigid 


body to break away from the axis of rotation. 


Rolling Motion. Another important case of plane motion is the 
motion of a disk or wheel rolling on a plane surface. If the disk is 
constrained to roll without sliding, the acceleration a of its mass 
center G and its angular acceleration @ are not independent. Assum- 
ing that the disk is balanced, so that its mass center and its geometric 
center coincide, we first write that the distance x traveled by G dur- 
ing a rotation 6 of the disk is x = r@, where r is the radius of the 
disk. Differentiating this relation twice, we write 


ww 


Recalling that the system of the effective forces in plane motion 
reduces to a vector ma and a couple Ia, we find that in the particular 
case of the rolling motion of a balanced disk, the effective forces 
reduce to a vector of magnitude mra attached at G and to a couple 
of magnitude Ia. We may thus express that the external forces are 
equivalent to the vector and couple shown in Fig. 16.17. 

When a disk rolls without sliding, there is no relative motion 
between the point of the disk in contact with the ground and the 
ground itself. Thus as far as the computation of the friction force F 
is concerned, a rolling disk can be compared with a block at rest on 
a surface. The magnitude F of the friction force can have any value, 
as long as this value does not exceed the maximum value F,,, = p,N, 
where p, is the coefficient of static friction and N is the magnitude 
of the normal force. In the case of a rolling disk, the magnitude F of 
the friction force should therefore be determined independently of N 
by solving the equation obtained from Fig. 16.17. 

When sliding is impending, the friction force reaches its maxi- 
mum value F,,, = u,N and can be obtained from N. 

When the disk rotates and slides at the same time, a relative 
motion exists between the point of the disk which is in contact with 
the ground and the ground itself, and the force of friction has the 
magnitude F;, = u,N, where py, is the coefficient of kinetic friction. 
In this case, however, the motion of the mass center G of the disk 
and the rotation of the disk about G are independent, and a is not 
equal to ra. 

These three different cases can be summarized as follows: 


Rolling, no sliding: F = uN a=rTra 
Rolling, sliding impending: F = uN a=ra 
Rotating and sliding: F=p,N — aand aindependent 


When it is not known whether or not a disk slides, it should first be 
assumed that the disk rolls without sliding. If F is found smaller than 
or equal to u,N, the assumption is proved correct. If F is found larger 
than .N, the assumption is incorrect and the problem should be 
started again, assuming rotating and sliding. 

When a disk is unbalanced, i.e., when its mass center G does 
not coincide with its geometric center O, the relation (16.9) does not 
hold between a and a. However, a similar relation holds between 
the magnitude ao of the acceleration of the geometric center and 
the angular acceleration @ of an unbalanced disk which rolls without 
sliding. We have 


do = ra (16.10) 


To determine a in terms of the angular acceleration @ and the angular 
velocity w of the disk, we can use the relative-acceleration formula 


a= ag = ao + ago 
= ao + (aco): + (acio)n (16.11) 


where the three component accelerations obtained have the direc- 
tions indicated in Fig. 16.18 and the magnitudes ag = ra, (dco); = 
(OG)a, and (acio)n = (OG)o”. 
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Fig. 16.17 


\ \ SSIES 
Photo 16.4 As the ball hits the bowling alley, 
it first spins and slides, then rolls without sliding. 


Fig. 16.18 
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SAMPLE PROBLEM 16.6 


The portion AOB of a mechanism consists of a 400-mm steel rod OB welded 
to a gear E of radius 120 mm which can rotate about a horizontal shaft O. 
It is actuated by a gear D and, at the instant shown, has a clockwise angular 
velocity of 8 rad/s and a counterclockwise angular acceleration of 40 rad/s”. 
Knowing that rod OB has a mass of 3 kg and gear E a mass of 4 kg and a 
radius of gyration of 85 mm, determine (a) the tangential force exerted by 
gear D on gear E, (b) the components of the reaction at shaft O. 


SOLUTION 


In determining the effective forces of the rigid body AOB, gear E and rod 
OB will be considered separately. Therefore, the components of the accel- 
eration of the mass center Gog of the rod will be determined first: 

(Gon); = ra = (0.200 m)(40 rad/s”) = 8 m/s” 


(Gog)n = Fw” = (0.200 m)(8 rad/s)? = 12.8 m/s” 


Equations of Motion. ‘Two sketches of the rigid body AOB have been 
drawn. The first shows the external forces consisting of the weight Wz of 
gear E, the weight Wo, of the rod OB, the force F exerted by gear D, and 
the components R, and R, of the reaction at O. The magnitudes of the 
weights are, respectively, 


We = meg = (4kg)(9.81 m/s”) = 39.2N 
Wop = mozg = (3 kg)(9.81 m/s”) = 29.4N 


The second sketch shows the effective forces, which consist of a couple Iza 
(since gear E is in centroidal rotation) and of a couple and two vector com- 
ponents at the mass center of OB. Since the accelerations are known, we 
compute the magnitudes of these components and couples: 


Iga = mpkta = (4 kg) (0.085 m)7(40 rad/s”) = 1.156 N-m 
mog(dog)s = (3 kg)(8 m/s”) = 24.0 N 
Mop(dos)n = (3 kg) (12.8 m/s”) = 38.4N 
Toga = (gMogL")a = 75(3 kg) (0.400 m)*(40 rad/s*) = 1.600 N - m 


Expressing that the system of the external forces is equivalent to the system 
of the effective forces, we write the following equations: 


+) 2Mo = =(Mo)eer: 


F(0.120 m) = Ipa + mop(Gog)(0.200 m) + Ippo 
F(0.120 m) = 1.156 N - m + (24.0 N)(0.200 m) + 1.600 N - m 


F = 63.0 N F=630Nl <4 
SIF, = X(F,)eet: R, = Moos) 
R, = 24.0N ROO N = 
ab (ae ae R, — F — Wg — Wop = ™os(Goz)n 
R, — 63.0 N — 39.2 N — 29.4 N = 38.4 N 
R, = 170.0N R,=1700N7 < 


< 


SAMPLE PROBLEM 16.7 


A 6 X 8 in. rectangular plate weighing 60 lb is suspended from two pins A 
and B. If pin B is suddenly removed, determine (a) the angular acceleration 
of the plate, (b) the components of the reaction at pin A, immediately after 
pin B has been removed. 


SOLUTION 


a. Angular Acceleration. We observe that as the plate rotates about point 
A, its mass center G describes a circle of radius r with center at A. 

Since the plate is released from rest (w = 0), the normal component 
of the acceleration of G is zero. The magnitude of the acceleration a of the 
mass center G is thus a = ra. We draw the diagram shown to express that 


the external forces are equivalent to the effective forces: 
+J=M, = =(M)ert: Wx = (ma)r ar Ta 


Since @ = ra, we have 


Wx = m(ra)r + Ta a ie (1) 
WwW =2 5 
=f 4p if 
g 
The centroidal moment of inertia of the plate is 
Fo eB 2 60 Ib 8 4)2 6 4)2 
[= = WO ar (Gey itt 
12°? +?) = T5039 9 we) Ure FE)" + (ie fe) 


= 0.1078 lb - ft - s” 


Substituting this value of I together with W = 60 Ib, 7 = % ft, and x = # ft 
into Eq. (1), we obtain 
a = +46.4 rad/s” a =46Arad/s*) << 


b. Reaction at A. Using the computed value of a, we determine the mag- 
nitude of the vector ma attached at G. 


60 Ib 
ma = mra = ~(2; ft) (46.4 rad/s”) = 36.0 Ib 

BP TS 
Showing this result on the diagram, we write the equations of motion 
= S10, = (Fy ett: Ay a —3(36 Ib) 

= -21.6 lb A,=216lb< <« 
+72F, = UF, ee: Ay — 60 Ib = —§(36 Ib) 

A, = +312 Ib A, =312Ibt < 


The couple Ta is not involved in the last two equations; nevertheless, it should 
be indicated on the diagram. 
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SAMPLE PROBLEM 16.8 


A sphere of radius r and weight W is released with no initial velocity on 
the incline and rolls without slipping. Determine (a) the minimum value of 
the coefficient of static friction compatible with the rolling motion, (b) the 
velocity of the center G of the sphere after the sphere has rolled 10 ft, 
(c) the velocity of G if the sphere were to move 10 ft down a frictionless 
30° incline. 


SOLUTION 


a. Minimum 1, for Rolling Motion. The external forces W, N, and F form 
a system equivalent to the system of effective forces represented by the vector 
ma and the couple Ia. Since the sphere rolls without sliding, we have a = ra. 
+)2Mc = =(Mo)ece: (W sin @)r = (ma)r + Ia 

(W sin 6)r = (mra)r + Ta 


Noting that m = W/g and Le 2mr’, we write 


9} ; 5g sin 0 
(W sin 0)r = (wra)r We a = Gol 
g 5 g Tr 
5gsin@ 5(32.2 ft/s”) sin 30° 
ee aot ee cows: 
Gi i 
INF, = =(F;y)ete: W sin 6 — F = ma 
5g sin 0 
W sin @ — F = uae 
a 
F = +2W sin @ = 2W sin 30° F = 0.143W Ss 30° 
se 10212, = DU ae N — Wcos 6 = 0 
N = Woos 6 = 0.866W N = 0.866W 2 60° 
F  0.143W 
== , = 0.165 
ys 9 OScoW m = 


= 
*b, Velocity of Rolling Sphere. We have uniformly accelerated motion: 


=O a= 150s x=10h x,=0 
vo = v2 + Qalx — Xp) vo = 0 + 2(11.50 ft/s”)(10 ft) 
0 = 15.17 ft/s v= 15.17 ft/s 30° <« 


c. Velocity of Sliding Sphere. Assuming now no friction, we have F = 0 
and obtain 


+J=Mc = =(Me ere: 0 = To a=0 
= wW_ 
INDE, = =(F yee: W sin 30° = ma 0.50W = 2 a 
@ = +16.1 ft/s? a = 16.1 ft/s? G 30° 


Substituting a@ = 16.1 ft/s? into the equations for uniformly accelerated 
motion, we obtain 


eo = of + Qalx — xX) vo? = 0 + 2(16.1 ft/s?)(10 ft) 
& = 17.94 ft/s v = 17.94 ft/s S 30° 


100mm 60 mm SAMPLE PROBLEM 16.9 


A cord is wrapped around the inner drum of a wheel and pulled horizontally 
with a force of 200 N. The wheel has a mass of 50 kg and a radius of gyra- 
tion of 70 mm. Knowing that w, = 0.20 and yp, = 0.15, determine the 
acceleration of G and the angular acceleration of the wheel. 


SOLUTION 


a. Assume Rolling without Sliding. In this case, we have 
a = ra = (0.100 m)a 


We can determine whether this assumption is justified by comparing the 
friction force obtained with the maximum available friction force. The 
moment of inertia of the wheel is 


I = mk” = (50 kg)(0.070 m)” = 0.245 kg - m* 


Equations of Motion 


+)=Mc = =(Me)etr: (200 N)(0.040 m) = ma(0.100 m) + Ta 
8.00 N - m = (50 kg)(0.100 m)a(0.100 m) + (0.245 keg - m)a 
a = +10.74 rad/s? 
@ = ra = (0.100 m)(10.74 rad/s”) = 1.074 m/s” 


4 SF, = (Fen: F + 200 N = ma 
F + 200 N = (50 kg)(1.074 m/s”) 


F = —-146.3N F = 146.3 N <— 
+ heey = X(F, ee 5 
N-W=0 N — W = mg = (50 kg)(9.81 m/s") = 490.5 N 
N = 490.5 Nf 


Maximum Available Friction Force 
Fiunox = BsN = 0.20(490.5 N) = 98.1 N 


Since F > Fix, the assumed motion is impossible. 


b. Rotating and Sliding. Since the wheel must rotate and slide at the 
same time, we draw a new diagram, where a and @ are independent and 
where 


F = F, = uN = 0.15(490.5 N) = 73.6 N 


From the computation of part a, it appears that F should be directed to the 
left. We write the following equations of motion: 


ody me as = X(Fiee: 200 N — 73.6N = (0 kg)a 
@ = +2.53 m/s? a=253m/s'> 


t+ J2Me = 2(Mo)er: 
(73.6 N)(0.100 m) — (200 N)(0.060 m) = (0.245 kg - m*)a 
a = —18.94rad/s>— a = 18.94 rad/s”? 5 


1059 


SAMPLE PROBLEM 16.10 


The extremities of a 4-ft rod weighing 50 Ib can move freely and with no 
friction along two straight tracks as shown. If the rod is released with no 
velocity from the position shown, determine (a) the angular acceleration of 
the rod, (b) the reactions at A and B. 


SOLUTION 


Kinematics of Motion. Since the motion is constrained, the acceleration 
of G must be related to the angular acceleration @. To obtain this relation, 
we first determine the magnitude of the acceleration a, of point A in terms 
of a. Assuming that @ is directed counterclockwise and noting that ag, = 
4a, we write 


ag = ay + apa 
lap “S 45°] = [a, =] + [4a & 60°] 


Noting that ¢ = 75° and using the law of sines, we obtain 
ada = 5.46a dg = 4.90a 
The acceleration of G is now obtained by writing 
a=ac =a, + acy 
a = [5.46a@ >] + [2a & 60°] 
Resolving a into x and y components, we obtain 


ad, = 5.46a — 2a cos 60° = 4.46a a, = 4.46a > 
By, = War Sin COP SS 1s o% a, = 1.732a | 


Is 
s 
| 
| 


< 


Kinetics of Motion. We draw a free-body-diagram equation expressing that 
the system of the external forces is equivalent to the system of the effective 
forces represented by the vector of components ma, and ma, attached at G 
and the couple Ia. We compute the following magnitudes: 


1 501b 


— Ait) — 207 bh -s fa — 2.07 
win 19 aoa hie ' : iG 
= 50 ~ 50 
. i ma, = 399 Om) = 6.93a ma, = Sano) =——2'69a 
ot AT : ; 
; oe Equations of Motion 
a 45 / — \4.46 ft +52Mz = &(Mz)esr: 
YZ eA (50)(1.732) = (6.93a)(4.46) + (2.69a)(1.732) + 2.07a 


@=+230rad/s a =230rad/s 5 <q 


ee — Z Ta | 
R a, | 
z eit AUF = S(Fep: Rp sin 45° = (6.93)(2.30) = 15.94 
oe L fit Rp =225lb Ry, = 225Ib 245° < 
i ni 


may 
os +73F, = S(Fy)er: Ra + Rg cos 45° — 50 = —(2.69)(2.30) 
1.732 ft 1.732 ft 1.732 ft Ry = —6.19 — 15.94 + 50 = 27.9 Ib Ry, = 27.9 lbt << 
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SOLVING PROBLEMS 
YN TOUR OWN 


L. this lesson we considered the plane motion of rigid bodies under constraints. 
We found that the types of constraints involved in engineering problems vary 
widely. For example, a rigid body may be constrained to rotate about a fixed axis or 
to roll on a given surface, or it may be pin-connected to collars or to other bodies. 


1. Your solution of a problem involving the constrained motion of a rigid 
body, will, in general, consist of two steps. First, you will consider the kinematics 
of the motion, and then you will solve the kinetics portion of the problem. 


2. The kinematic analysis of the motion is done by using the methods you 
learned in Chap. 15. Due to the constraints, linear and angular accelerations will 
be related. (They will not be independent, as they were in the last lesson.) You 
should establish relationships among the accelerations (angular as well as linear), 
and your goal should be to express all accelerations in terms of a single unknown 
acceleration. This is the first step taken in the solution of each of the sample 
problems in this lesson. 

a. For a body in noncentroidal rotation, the components of the acceleration 
of the mass center are d, = ra and @, = rw”, where w will generally be known 
[Sample Probs. 16.6 and 16.7]. 

b. For a rolling disk or wheel, the acceleration of the mass center is @ = ra 
[Sample Prob. 16.8]. 

c. For a body in general plane motion, your best course of action, if neither 


a nor @ is known or readily obtainable, is to express a in terms of a [Sample 
Prob. 16.10]. 


3. The kinetic analysis of the motion is carried out as follows. 

a. Start by drawing a free-body-diagram equation. This was done in all 
the sample problems of this lesson. In each case the left-hand diagram shows the 
external forces, including the applied forces, the reactions, and the weight of the 
body. The right-hand diagram shows the vector ma and the couple Ia. 

b. Next, reduce the number of unknowns in the free-body-diagram equation 
by using the relationships among the accelerations that you found in your kine- 
matic analysis. You will then be ready to consider equations that can be written 
by summing components or moments. Choose first an equation that involves a 
single unknown. After solving for that unknown, substitute the value obtained into 
the other equations, which you will then solve for the remaining unknowns. 


(continued) 
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4. When solving problems involving rolling disks or wheels, keep in mind the 
following. 

a. If sliding is impending, the friction force exerted on the rolling body has 
reached its maximum value, F,, = u,N, where N is the normal force exerted on 
the body and yp, is the coefficient of static friction between the surfaces of 
contact. 

b. If sliding is not impending, the friction force F can have any value smaller 
than F,,, and should, therefore, be considered as an independent unknown. After 
you have determined F, be sure to check that it is smaller than F,,; if it is not, the 
body does not roll, but rotates and slides as described in the next paragraph. 

c. If the body rotates and slides at the same time, then the body is not 
rolling and the acceleration a of the mass center is independent of the angular 
acceleration a of the body: a # ra. On the other hand, the friction force has a 
well-defined value, F = uN, where py, is the coefficient of kinetic friction between 
the surfaces of contact. 

d. For an unbalanced rolling disk or wheel, the relation @ = ra between 
the acceleration a of the mass center G and the angular acceleration a of the 
disk or wheel does not hold anymore. However, a similar relation holds between 
the acceleration dg of the geometric center O and the angular acceleration a of 
the disk or wheel: ag = ra. This relation can be used to express a in terms of 
a and (Fig. 16.18). 


5. For a system of connected rigid bodies, the goal of your kinematic analysis 
should be to determine all the accelerations from the given data, or to express 
them all in terms of a single unknown. (For systems with several degrees of free- 
dom, you will need to use as many unknowns as there are degrees of freedom.) 

Your kinetic analysis will generally be carried out by drawing a free-body- 
diagram equation for the entire system, as well as for one or several of the rigid 
bodies involved. In the latter case, both internal and external forces should be 
included, and care should be taken to represent with equal and opposite vectors 
the forces that two bodies exert on each other. 


16.75 


16.76 


16.77 


16.78 


16.79 


16.80 


PROBLEMS 


Show that the couple J@ of Fig. 16.15 can be eliminated by attach- 
ing the vectors ma, and ma, at a point P called the center of per- 
cussion, located on line OG at a distance GP = k?/r from the mass 
center of the body. 


A uniform slender rod of length L = 36 in. and weight W = 4 lb hangs 
freely from a hinge at A. If a force P of magnitude 1.5 |b is applied 
at B horizontally to the left (h = L), determine (a) the angular 
acceleration of the rod, (b) the components of the reaction at A. 


ay 
Fig. P16.76 


In Prob. 16.76, determine (a) the distance h for which the hori- 
zontal component of the reaction at A is zero, (b) the correspond- 
ing angular acceleration of the rod. 


A uniform slender rod of length L = 900 mm and mass m = 4 kg 
is suspended from a hinge at C. A horizontal force P of magnitude 
75 N is applied at end B. Knowing that r = 225 mm, determine 
(a) the angular acceleration of the rod, (b) the components of the 
reaction at C. 


In Prob. 16.78, determine (a) the distance r for which the hori- 
zontal component of the reaction at C is zero, (b) the correspond- 
ing angular acceleration of the rod. 


A uniform slender rod of length / and mass m rotates about a verti- 
cal axis AA’ with a constant angular velocity w. Determine the 


tension in the rod at a distance x from the axis of rotation. 


A 


Fig. P16.80 


Fig. P16.75 
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Fig. P16.78 
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1064 Plane Motion of Rigid Bodies: 


Forces and Accelerations 


Fig. P16.82 


Fig. P16.83 


Fig. P16.85 
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Fig. P16.87 
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16.86 


16.87 


A large flywheel is mounted on a horizontal shaft and rotates at a 
constant rate of 1200 rpm. Experimental data indicate that the total 
force exerted by the flywheel on the shaft varies from 55 kN upward 
to 85 kN downward. Determine (a) the mass of the flywheel, 
(b) the distance from the center of the shaft to the mass center of 
the flywheel. 


A turbine disk of mass 26 kg rotates at a constant rate of 9600 rpm. 
Knowing that the mass center of the disk coincides with the center 
of rotation O, determine the reaction at O immediately after a single 
blade at A, of mass 45 g, becomes loose and is thrown off. 


The shutter shown was formed by removing one quarter of a disk of 
0.75-in. radius and is used to interrupt a beam of light emanating 
from a lens at C. Knowing that the shutter weighs 0.125 lb and rotates 
at the constant rate of 24 cycles per second, determine the magnitude 
of the force exerted by the shutter on the shaft at A. 


and 16.85 A uniform rod of length L and mass m is supported 
as shown. If the cable attached at end B suddenly breaks, determine 
(a) the acceleration of end B, (b) the reaction at the pin support. 


A B 
@ 


———— 


Fig. P16.84 


A slender uniform cone of mass m can swing freely about the 
horizontal rod AB. If the cone is released from rest in the position 
shown, determine (a) the acceleration of the tip D, (b) the reaction 
at C. 


NN 
The object ABC consists of two slender rods welded together at 
point B. Rod AB has a mass of 1 kg and bar BC has a mass of 2 kg. 
Knowing the magnitude of the angular velocity of ABC is 10 rad/s 


when 6 = 0, determine the components of the reaction at point C 
when 6 = 0. 


Fig. P16.86 
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16.91 


16.92 


16.93 


An 8-lb slender rod AB and a 5-lb slender rod BC are connected 
by a pin at B and by the cord AC. The assembly can rotate in a 
vertical plane under the combined effect of gravity and a couple 
M applied to rod BC. Knowing that in the position shown the 
angular velocity of the assembly is zero and the tension in cord AC 
is equal to 6 Ib, determine (a) the angular acceleration of the 
assembly, (b) the magnitude of the couple M. 


I< 12 in. an 12 in. >| 


M 


Fig. P16.88 


Two uniform rods, ABC of mass 3 kg and DCE of mass 4 kg, 
are connected by a pin at C and by two cords BD and BE. The 
T-shaped assembly rotates in a vertical plane under the combined 
effect of gravity and of a couple M which is applied to rod ABC. 
Knowing that at the instant shown the tension is 8 N in cord BD, 
determine (a) the angular acceleration of the assembly, (b) the 
couple M. 


A 1.5-kg slender rod is welded to a 5-kg uniform disk as shown. 
The assembly swings freely about C in a vertical plane. Knowing 
that in the position shown the assembly has an angular velocity of 
10 rad/s clockwise, determine (a) the angular acceleration of the 
assembly, (b) the components of the reaction at C. 


_ 120 mm —| 


A 5-kg uniform disk is attached to the 3-kg uniform rod BC by 
means of a frictionless pin AB. An elastic cord is wound around 
the edge of the disk and is attached to a ring at E. Both ring E 
and rod BC can rotate freely about the vertical shaft. Knowing that 
the system is released from rest when the tension in the elastic 
cord is 15 N, determine (a) the angular acceleration of the disk, 
(b) the acceleration of the center of the disk. 


Fig. P16.90 


Derive the equation Mc = Ica for the rolling disk of Fig. 16.17, 
where =Mc represents the sum of the moments of the external 
forces about the instantaneous center C, and I¢ is the moment of 
inertia of the disk about C. 


Show that in the case of an unbalanced disk, the equation derived 
in Prob. 16.92 is valid only when the mass center G, the geometric 
center O, and the instantaneous center C happen to lie in a straight 
line. 


Problems 


150 mm 


a 0) 


D C E 
200 mm 200 mm 


Fig. P16.89 


Fig. P16.91 
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1066 Plane Motion of Rigid Bodies: 16.94 


Forces and Accelerations 


16.95 


Fig. P16.94 


16.96 


16.97 


Fig. P16.97 
16.98 


Fig. P16.98 and P16.102 


Fig. P16.99 and P16.103 


A wheel of radius r and centroidal radius of gyration k is released from 
rest on the incline and rolls without sliding. Derive an expression for 
the acceleration of the center of the wheel in terms of r, k, B, and g. 


A flywheel is rigidly attached to a shaft of 1.5-in. radius that can 
roll along parallel rails as shown. When released from rest, the 
system rolls 16 ft in 40 s. Determine the centroidal radius of gyra- 
tion of the system. 


Fig. P16.95 and P16.96 


A flywheel of centroidal radius of gyration k is rigidly attached to 
a shaft that can roll along parallel rails. Denoting by p, the coefti- 
cient of static friction between the shaft and the rails, derive an 
expression for the largest angle of inclination B for which no 
slipping will occur. 


A homogeneous sphere S, a uniform cylinder C, and a thin pipe P 
are in contact when they are released from rest on the incline 
shown. Knowing that all three objects roll without slipping, deter- 
mine, after 4 s of motion, the clear distance between (a) the pipe 


and the cylinder, (b) the cylinder and the sphere. 


through 16.101 A drum of 4-in. radius is attached to a disk of 
8-in. radius. The disk and drum have a combined weight of 10 Ib 
and a combined radius of gyration of 6 in. A cord is attached as 
shown and pulled with a force P of magnitude 5 Ib. Knowing that 
the coefficients of static and kinetic friction are w, = 0.25 and 
Hx = 0.20, respectively, determine (a) whether or not the disk slides, 
(b) the angular acceleration of the disk and the acceleration of G. 


16.102 through 16.105 A drum of 60-mm radius is attached to a disk 
of 120-mm radius. The disk and drum have a total mass of 6 kg and 
a combined radius of gyration of 90 mm. A cord is attached as 
shown and pulled with a force P of magnitude 20 N. Knowing that 
the disk rolls without sliding, determine (a) the angular acceleration 
of the disk and the acceleration of G, (b) the minimum value of the 
coefficient of static friction compatible with this motion. 


Fig. P16.100 and P16.104 Fig. P16.101 and P16.105 


16.106 through 16.108 A bar of mass m is held as shown between Problems 1Q67 
four disks, each of mass m’ and radius r = 75 mm. Determine the 
acceleration of the bar immediately after it has been released from 
rest, knowing that the normal forces on the disks are sufficient to 
prevent any slipping and assuming that (a2) m = 5 kg and m' = 
2 kg, (b) the mass m' of the disks is negligible, (c) the mass m of 
the bar is negligible. 


A A 
B B 
Fig. P16.106 Fig. P16.107 Fig. P16.108 


16.109 Two uniform disks A and B, each of weight 4 lb, are connected 
by a 3-lb rod CD as shown. A counterclockwise couple M of 
moment 1.5 lb - ft is applied to disk A. Knowing that the disks 
roll without sliding, determine (a) the acceleration of the center 
of each disk, (b) the horizontal component of the force exerted on 
disk B by pin D. Fig. P16.109 


2 in. 


16.110 Gear C has a weight of 10 lb and a centroidal radius of gyration 
of 3 in. The uniform bar AB has a weight of 6 lb and gear D is 
stationary. If the system is released from rest in the position shown, 
determine (a) the angular acceleration of gear C, (b) the accelera- 
tion of point B. 


16.111 A half section of a uniform cylinder of mass m is at rest when a 
force P is applied as shown. Assuming that the section rolls without 
sliding, determine (a) its angular acceleration, (b) the minimum 
value of uw, compatible with the motion. 


Fig. P16.110 


Fig. P16.111 


16.112 Solve Prob. 16.111, assuming that the force P applied at B is 
directed horizontally to the right. 


1068 Plane Motion of Rigid Bodies: 


Forces and Accelerations 


Fig. P16.113 and P16.114 


r=18mm 


Fig. P16.116 


Fig. P16.119 


16.113 


16.114 


16.115 


16.116 


16.117 


16.118 


16.119 


A small clamp of mass mz, is attached at B to a hoop of mass m),. 
The system is released from rest when 6 = 90° and rolls without 
sliding. Knowing that m, = 3mg, determine (a) the angular accel- 
eration of the hoop, (b) the horizontal and vertical components of 
the acceleration of B. 


A small clamp of mass mg is attached at B to a hoop of mass mp. 
Knowing that the system is released from rest and rolls without 
sliding, derive an expression for the angular acceleration of the 
hoop in terms of mg, m, r, and @. 


The center of gravity G of a 1.5-kg unbalanced tracking wheel is 
located at a distance r = 18 mm from its geometric center B. The 
radius of the wheel is R = 60 mm and its centroidal radius of 
gyration is 44 mm. At the instant shown the center B of the wheel 
has a velocity of 0.35 m/s and an acceleration of 1.2 m/s”, both 
directed to the left. Knowing that the wheel rolls without sliding 
and neglecting the mass of the driving yoke AB, determine the 
horizontal force P applied to the yoke. 


A 2-kg bar is attached to a 5-kg uniform cylinder by a square pin, 
P, as shown. Knowing that r = 0.4 m, h = 0.2 m, 6 = 20°, L = 
0.5 m and w = 2 rad/s at the instant shown, determine the reac- 
tions at P at this instant assuming that the cylinder rolls without 
sliding down the incline. 


The ends of the 10-kg uniform rod AB are attached to collars of 
negligible mass that slide without friction along fixed rods. If the 
rod is released from rest when 6 = 25°, determine immediately 
after release (a) the angular acceleration of the rod, (b) the reaction 
at A, (b) the reaction at B. 


Fig. P16.117 and P16.118 


The ends of the 10-kg uniform rod AB are attached to collars of 
negligible mass that slide without friction along fixed rods. A verti- 
cal force P is applied to collar B when 6 = 25°, causing the collar 
to start from rest with an upward acceleration of 12 m/s”. Deter- 
mine (a) the force P, (b) the reaction at A. 


The motion of the 8-lb uniform rod AB is guided by small wheels 
of negligible weight that roll along without friction in the slots 
shown. If the rod is released from rest in the position shown, deter- 
mine immediately after release (a) the angular acceleration of the 
rod, (b) the reaction at B. 


16.120 The 4-lb uniform rod AB is attached to collars of negligible mass 
which may slide without friction along the fixed rods shown. Rod AB 
is at rest in the position @ = 25° when a horizontal force P is applied 
to collar A, causing it to start moving to the left with an acceleration 
of 12 ft/s". Determine (a) the force P, (b) the reaction at B. 


Fig. P16.120 and P16.121 


16.121 The 4-lb uniform rod AB is attached to collars of negligible mass 
which may slide without friction along the fixed rods shown. If rod 
AB is released from rest in the position 6 = 25°, determine imme- 
diately after release (a) the angular acceleration of the rod, (b) the 
reaction at B. 


16.122 The motion of the uniform rod AB of mass 5 kg and length L = 
750 mm is guided by small wheels of negligible mass that roll on 
the surface shown. If the rod is released from rest when 0 = 20°, 
determine immediately after release (a) the angular acceleration of 
the rod, (b) the reaction at A. 


16.123 End A of the 8-kg uniform rod AB is attached to a collar that can 
slide without friction on a vertical rod. End B of the rod is attached 
to a vertical cable BC. If the rod is released from rest in the posi- 
tion shown, determine immediately after release (a) the angular 
acceleration of the rod, (b) the reaction at A. 


L= 750mm 


Fig. P16.123 


16.124 The 4-kg uniform rod ABD is attached to the crank BC and is fit- 
ted with a small wheel that can roll without friction along a vertical 
slot. Knowing that at the instant shown crank BC rotates with an 
angular velocity of 6 rad/s clockwise and an angular acceleration of 
15 rad/s? counterclockwise, determine the reaction at A. 


Fig. P16.122 


200 mm 


Fig. P16.124 


Problems 
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1070 Plane Motion of Rigid Bodies: 16.125 The 250-mm uniform rod BD, of mass 5 kg, is connected as shown 
Pores ana eoesterayiens to disk A and to a collar of negligible mass, which may slide freely 


2. along a vertical rod. Knowing that disk A rotates counterclockwise 
< at a constant rate of 500 rpm, determine the reactions at D when 
d= 0. 


50mm 16.126 Solve Prob. 16.125 when 6 = 90°. 


16.127 The 15-in. uniform rod BD weighs 8 lb and is connected as shown 
to crank AB and to a collar D of negligible weight, which can slide 
freely along a horizontal rod. Knowing that crank AB rotates coun- 
terclockwise at the constant rate of 300 rpm, determine the reac- 
tion at D when 6 = 0. 


16.128 Solve Prob. 16.127 when @ = 90°. 


16.129 The 3-kg uniform rod AB is connected to crank BD and to a collar 
of negligible weight, which can slide freely along rod EF. Knowing 
that in the position shown crank BD rotates with an angular veloc- 
ity of 15 rad/s and an angular acceleration of 60 rad/s”, both clock- 
wise, determine the reaction at A. 


30° 


Fig. P16.129 


16.130 In Prob. 16.129, determine the reaction at A, knowing that in 
the position shown crank BD rotates with an angular velocity of 
15 rad/s clockwise and an angular acceleration of 60 rad/s” 
counterclockwise. 


Fig. P16.131 


16.131 A driver starts his car with the door on the passenger's side wide 
open (6 = 0). The 80-lb door has a centroidal radius of gyration 
k = 12.5 in., and its mass center is located at a distance r = 22 in. 
from its vertical axis of rotation. Knowing that the driver maintains 
a constant acceleration of 6 ft/s”, determine the angular velocity of 
the door as it slams shut (@ = 90°). 


16.132 For the car of Prob. 16.131, determine the smallest constant accel- 
eration that the driver can maintain if the door is to close and latch, 
knowing that as the door hits the frame its angular velocity must be 

C at least 2 rad/s for the latching mechanism to operate. 


AC @ 


@ 
B =2)_ 16.133 Two 8-lb uniform bars are connected to form the linkage shown. 
| it ‘ Neglecting the effect of friction, determine the reaction at D 
16 mi aban: immediately after the linkage is released from rest in the position 

Fig. P16.133 shown. 


16.134 The linkage ABCD is formed by connecting the 3-kg bar BC to 


16.135 


the 1.5-kg bars AB and CD. The motion of the linkage is con- 
trolled by the couple M applied to bar AB. Knowing that at the 
instant shown bar AB has an angular velocity of 24 rad/s clock- 
wise and no angular acceleration, determine (a) the couple M, 
(b) the components of the force exerted at B on rod BC. 


Solve Prob. 16.134, assuming that at the instant shown bar AB has 
an angular velocity of 24 rad/s clockwise and an angular accelera- 
tion of 160 rad/s? counterclockwise. 


16.136 The 4-Ib rod AB and the 6-lb rod BC are connected as shown to 


a disk that is made to rotate in a vertical plane at a constant angular 
velocity of 6 rad/s clockwise. For the position shown, determine 
the forces exerted at A and B on rod AB. 


16.137 The 4-lb rod AB and the 6-lb rod BC are connected as shown to 


16.138 


16.139 


a disk that is made to rotate in a vertical plane. Knowing that at 
the instant shown the disk has an angular acceleration of 18 rad/s” 
clockwise and no angular velocity, determine the components of 
the forces exerted at A and B on rod AB. 


In the engine system shown | = 250 mm and b = 100 mm. The 
connecting rod BD is assumed to be a 1.2-kg uniform slender rod 
and is attached to the 1.8-kg piston P. During a test of the system, 
crank AB is made to rotate with a constant angular velocity of 
600 rpm clockwise with no force applied to the face of the piston. 
Determine the forces exerted on the connecting rod at B and D 
when 6 = 180°. (Neglect the effect of the weight of the rod.) 


Solve Prob. 16.138 when 6 = 90°. 


16.140 Two identical rods AC and CE, each of weight W, are attached to 


form the linkage shown. Knowing that at the instant shown the 
force P causes the roller attached at D to move to the left with a 
constant velocity vp, determine the magnitude of the force P in 
terms of L, W, vp, and @. 


bolt 


is 


Fig. P16.140 


@—__,|_ —— 
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Fig. P16.134 


6 in. ——| 
a, in B 


Fig. P16.136 and P16.137 


Fig. P16.138 


1072 Plane Motion of Rigid Bodies: 16.141 At the instant shown, the 6 m long, uniform 50-kg pole ABC has 
Forces: ond Acceleration an angular velocity of 1 rad/s counterclockwise and point C is slid- 
ing to the right. A 500 N horizontal force P acts at B. Knowing the 
coefficient of kinetic friction between the pole and the ground is 
0.3, determine at this instant (a) the acceleration of the center of 
gravity, (b) the normal force between the pole and the ground. 


*16.142 A uniform disk of mass m = 4 kg and radius r = 150 mm is sup- 
ported by a belt ABCD that is bolted to the disk at B and C. If 
the belt suddenly breaks at a point located between A and B, deter- 
mine, (a) the acceleration of the center of the disk, (b) the tension 
in portion CD of the belt. 


Fig. P16.141 


Fig. P16.142 


*16.143 Two disks, each of mass m and radius r are connected as shown 
by a continuous chain belt of negligible mass. If a pin at point C 
of the chain belt is suddenly removed, determine (a) the angular 
acceleration of each disk, (b) the tension in the left-hand portion 
of the belt, (c) the acceleration of the center of disk B. 


*16.144 A uniform rod AB, of weight 30 Ib and length 3 ft, is attached to 
the 40-lb cart C. Neglecting friction, determine immediately after 
the system has been released from rest, (a) the acceleration of the 
cart, (b) the angular acceleration of the rod. 


Fig. P16.143 


B 
L Fig. P16.144 


*16.145 A uniform slender bar AB of mass m is suspended as shown from 

Y ie a uniform disk of the same mass m. Neglecting the effect of fric- 
tion, determine the accelerations of points A and B immediately 
Fig. P16.145 after a horizontal force P has been applied at B. 


w 
(() 


*16.146 The 5-kg slender rod AB is pin-connected to an 8-kg uniform disk 


as shown. Immediately after the system is released from rest, 
determine the acceleration of (a) point A, (b) point B. 


250 mm 


A(O 


Fig. P16.146 


*16.147 and *16.148 The 6-lb cylinder B and the 4-Ib wedge A are held 


at rest in the position shown by cord C. Assuming that the cylinder 
rolls without sliding on the wedge and neglecting friction between 
the wedge and the ground, determine, immediately after cord C 
has been cut, (a) the acceleration of the wedge, (b) the angular 
acceleration of the cylinder. 


Problems 
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Fig. P16.147 


*16.149 Each of the 3-kg bars AB and BC is of length L = 500 mm. A 


horizontal force P of magnitude 20 N is applied to bar BC as 
shown. Knowing that b = L (P is applied at C), determine the 
angular acceleration of each bar. 


*16.150 Each of the 3-kg bars AB and BC is of length L = 500 mm. A 


*16.151 


horizontal force P of magnitude 20 N is applied to bar BC. For 
the position shown, determine (a) the distance b for which the bars 
move as if they formed a single rigid body, (b) the corresponding 


angular acceleration of the bars. 


(a) Determine the magnitude and the location of the maximum 
bending moment in the rod of Prob. 16.76. (b) Show that the 
answer to part a is independent of the weight of the rod. 


*16.152 Draw the shear and bending-moment diagrams for the beam of 


Prob. 16.84 immediately after the cable at B breaks. 


Fig. P16.148 


Fig. P16.149 and P16.150 


REVIEW AND SUMMARY 


In this chapter, we studied the kinetics of rigid bodies, i.e., the rela- 
tions existing between the forces acting on a rigid body, the shape 
and mass of the body, and the motion produced. Except for the first 
two sections, which apply to the most general case of the motion of 
a rigid body, our analysis was restricted to the plane motion of rigid 
slabs and rigid bodies symmetrical with respect to the reference 
plane. The study of the plane motion of nonsymmetrical rigid bodies 
and of the motion of rigid bodies in three-dimensional space will be 
considered in Chap. 18. 


Fundamental equations of motion We first recalled [Sec. 16.2] the two fundamental equations derived 
for a rigid body in Chap. 14 for the motion of a system of particles and observed that 

they apply in the most general case of the motion of a rigid body. 

The first equation defines the motion of the mass center G of the 


body; we have 
=F = ma (16.1) 


where m is the mass of the body and a the acceleration of G. The 
second is related to the motion of the body relative to a centroidal 
frame of reference; we wrote 


where Hg is the rate of change of the angular momentum Hg of the 
body about its mass center G. Together, Eqs. (16.1) and (16.2) 
express that the system of the external forces is equipollent to the 
system consisting of the vector ma attached at G and the couple of 
Fig. 16.19 moment Hg (Fig. 16.19). 


Angular momentum in plane motion Restricting our analysis at this point and for the rest of the chapter 
to the plane motion of rigid slabs and rigid bodies symmetrical with 
respect to the reference plane, we showed [Sec. 16.3] that the angu- 
lar momentum of the body could be expressed as 


Hy = Iw (16.4) 


where I is the moment of inertia of the body about a centroidal axis 
perpendicular to the reference plane and @ is the angular velocity 
of the body. Differentiating both members of Eq. (16.4), we 
obtained 


Ho = 16 = Ia (16.5) 


which shows that in the restricted case considered here, the rate of 
change of the angular momentum of the rigid body can be represented 
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by a vector of the same direction as @ (i.e., perpendicular to the 
plane of reference) and of magnitude Ia. 


It follows from the above [Sec. 16.4] that the plane motion of a rigid 
slab or of a rigid body symmetrical with respect to the reference 
plane is defined by the three scalar equations 


SF.=ma, F,=ma, %Mg=Ia (166) 


It further follows that the external forces acting on the rigid body 
are actually equivalent to the effective forces of the various particles 
forming the body. This statement, known as d’Alembert’s principle, 
can be expressed in the form of the vector diagram shown in Fig. 
16.20, where the effective forces have been represented by a vector 
ma attached at G and a couple Ia. In the particular case of a slab 
in translation, the effective forces shown in part b of this figure 
reduce to the single vector ma, while in the particular case of a slab 
in centroidal rotation, they reduce to the single couple J@; in any 
other case of plane motion, both the vector ma and the couple Ia@ 


should be included. 


Any problem involving the plane motion of a rigid slab may be solved 
by drawing a free-body-diagram equation similar to that of Fig. 16.20 
[Sec. 16.6]. Three equations of motion can then be obtained by 
equating the x components, y components, and moments about an 
arbitrary point A, of the forces and vectors involved [Sample Probs. 
16.1, 16.2, 16.4, and 16.5]. An alternative solution can be obtained by 
adding to the external forces an inertia vector —ma of sense opposite 
to that of a, attached at G, and an inertia couple —Ia@ of sense oppo- 
site to that of a. The system obtained in this way is equivalent to 
zero, and the slab is said to be in dynamic equilibrium. 


The method described above can also be used to solve problems 
involving the plane motion of several connected rigid bodies [Sec. 
16.7]. A free-body-diagram equation is drawn for each part of the 
system and the equations of motion obtained are solved simultane- 
ously. In some cases, however, a single diagram can be drawn for the 
entire system, including all the external forces as well as the vectors 
ma and the couples I@ associated with the various parts of the sys- 
tem [Sample Prob. 16.3]. 


In the second part of the chapter, we were concerned with rigid 
bodies moving under given constraints [Sec. 16.8]. While the kinetic 
analysis of the constrained plane motion of a rigid slab is the same 
as above, it must be supplemented by a kinematic analysis which has 
for its object to express the components a, and a, of the acceleration 
of the mass center G of the slab in terms of its angular acceleration a. 
Problems solved in this way included the noncentroidal rotation of 
rods and plates [Sample Probs. 16.6 and 16.7], the rolling motion of 
spheres and wheels [Sample Probs. 16.8 and 16.9], and the plane 
motion of various types of linkages [Sample Prob. 16.10]. 


Review and Summary 


Equations for the plane motion 
of a rigid body 


D’Alembert’s principle 


(b) 
Fig. 16.20 


Free-body-diagram equation 


Connected rigid bodies 


Constrained plane motion 
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REVIEW PROBLEMS 


16.153 The axis of a 5-in.-radius disk is fitted into a slot that forms an 
angle 9 = 30° with the vertical. The disk is at rest when it is placed 
in contact with a conveyor belt moving at constant speed. Knowing 
that the coefficient of kinetic friction between the disk and the belt 
is 0.20 and neglecting bearing friction, determine the angular 
acceleration of the disk while slipping occurs. 


16.154 Solve Prob. 16.153, assuming that the direction of motion of the 
conveyor belt is reversed. 


16.155 Identical cylinders of mass m and radius r are pushed by a series 
Fig. P16.153 of moving arms. Assuming the coefficient of friction between all 
surfaces to be w < 1 and denoting by a the magnitude of the 
acceleration of the arms, derive an expression for (a) the maximum 
allowable value of a if each cylinder is to roll without sliding, 
(b) the minimum allowable value of a if each cylinder is to move 
to the right without rotating. 


Fig. P16.155 


16.156 A cyclist is riding a bicycle at a speed of 20 mph on a horizontal 
road. The distance between the axles is 42 in., and the mass center 
of the cyclist and the bicycle is located 26 in. behind the front axle 
and 40 in. above the ground. If the cyclist applies the brakes only 
on the front wheel, determine the shortest distance in which he 
can stop without being thrown over the front wheel. 


16.157 The uniform rod AB of weight W is released from rest when 
B = 70°. Assuming that the friction force between end A and the 
surface is large enough to prevent sliding, determine immediately 
after release (a) the angular acceleration of the rod, (b) the normal 
reaction at A, (c) the friction force at A. 


16.158 The uniform rod AB of weight W is released from rest when 

A B B = 70°. Assuming that the friction force is zero between end A 

\ and the surface, determine immediately after release (a) the angu- 

lar acceleration of the rod, (b) the acceleration of the mass center 
Fig. P16.157 and P16.158 of the rod, (c) the reaction at A. 


16.159 A uniform plate of mass m is suspended in each of the ways shown. Review Problems 1Q77 
For each case determine immediately after the connection B has 
been released (a) the angular acceleration of the plate, (b) the 
acceleration of its mass center. 


Pin supports 


Fig. P16.159 


16.160 The slender bar AB of weight W is held in equilibrium by two 
counterweights each weighing 5 W. If the wire at B is cut, determine 
the acceleration at that instant (a) of point A, (b) of point B. 


Fig. P16.160 


16.161 The mass center G of a 5-kg wheel of radius R = 300 mm is 
located at a distance r = 100 mm from its geometric center C. 
The centroidal radius of gyration is k = 150 mm. As the wheel 
rolls without sliding, its angular velocity varies and it is observed 
that w = 8 rad/s in the position shown. Determine the correspond- 
ing angular acceleration of the wheel. Fig. P16.161 


16.162 Two slender rods, each of length | and mass m, are released from 
rest in the position shown. Knowing that a small knob at end B of 
rod AB bears on rod CD, determine immediately after release 
(a) the acceleration of end C of rod CD, (b) the force exerted on 
the knob. 


A B 


ha te eg 


Fig. P16.162 


1078 Plane Motion of Rigid Bodies: 16.163 The motion of a square plate of side 150 mm and mass 2.5 kg is 
poles sane eeleanan guided by pins at corners A and B that slide in slots cut in a vertical 
wall. Immediately after the plate is released from rest in the posi- 
tion shown, determine (a) the angular acceleration of the plate, 
(b) the reaction at corner A. 


Fig. P16.163 


16.164 Solve Prob. 16.163, assuming that the plate is fitted with a single 
pin at corner A. 


C 


Fig. P16.164 


COMPUTER PROBLEMS 


16.C1 The 5-Ib rod AB is released from rest in the position shown. 
(a) Assuming that the friction force between end A and the surface is large 
enough to prevent sliding, using software calculate the normal reaction and 
the friction force at A immediately after release for values of B from 0 
to 85°. (b) Knowing that the coefficient of static friction between the rod 
and the floor is actually equal to 0.50, determine the range of values of B 
for which the rod will slip immediately after being released from rest. 


16.€2 End A of the 5-kg rod AB is moved to the left at a constant speed 
va = 1.5 m/s. Using computational software calculate and plot the normal 
reactions at ends A and B of the rod for values of 6 from 0 to 50°. Determine 
the value of @ at which end B of the rod loses contact with the wall. 


16.€3 A 30-lb cylinder of diameter b = 8 in. and height h = 6 in. is placed 
on a 10-Ib platform CD that is held in the position shown by three cables. 
It is desired to determine the minimum value of pu, between the cylinder 
and the platform for which the cylinder does not slip on the platform, imme- 
diately after cable AB is cut. Using computational software calculate and 
plot the minimum allowable value of wu, for values of 6 from 0 to 30°. Know- 
ing that the actual value of y, is 0.60, determine the value of @ at which 
slipping impends. 


Fig. P16.C3 


16.€4 For the engine system of Prob. 15.C3 of Chap. 15, the masses of 
piston P and the connecting rod BD are 2.5 kg and 3 kg, respectively. Know- 
ing that during a test of the system no force is applied to the face of the 
piston, use computational software to calculate and plot the horizontal and 
vertical components of the dynamic reactions exerted on the connecting rod 
at B and D for values of 6 from 0 to 180°. 


16.€5 A uniform slender bar AB of mass m is suspended from springs AC 
and BD as shown. Using computational software calculate and plot the 
accelerations of ends A and B, immediately after spring AC has broken, for 
values of 6 from 0 to 90°. 


Fig. P16.C1 


L=450 mm 


Fig. P16.C2 


JC 


Hl 


AG 


. 


Fig. P16.C5 


In this chapter the energy and 
momentum methods will be added to 
the tools available for your study of 
the motion of rigid bodies. For 
example, by using the principle of 
conservation of energy and direct 
application of Newton’s 2"? law the 
forces exerted on the hands of this 
gymnast can be determined as he 
swings from one stationary hold to 


another. 


Plane Motion of Rigid Bodies: 
ergy and Momentum Methods 


tet & 
£ a 
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Chapter 17 Plane Motion of Rigid 
Bodies: Energy and Momentum 


Methods 
17.1 Introduction 
17.2 Principle of Work and Energy for 


17.3 
17.4 


17.5 
17.6 
17.7 
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Momentum for the Plane Motion 
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Systems of Rigid Bodies 
Conservation of Angular 
Momentum 

Impulsive Motion 

Eccentric Impact 


The work done by friction reduces 


17.1 INTRODUCTION 


In this chapter the method of work and energy and the method of 
impulse and momentum will be used to analyze the plane motion of 
rigid bodies and of systems of rigid bodies. 

The method of work and energy will be considered first. In 
Secs. 17.2 through 17.5, the work of a force and of a couple will be 
defined, and an expression for the kinetic energy of a rigid body in 
plane motion will be obtained. The principle of work and energy will 
then be used to solve problems involving displacements and veloci- 
ties. In Sec. 17.6, the principle of conservation of energy will be 
applied to the solution of a variety of engineering problems. 

In the second part of the chapter, the principle of impulse and 
momentum will be applied to the solution of problems involving veloc- 
ities and time (Secs. 17.8 and 17.9) and the concept of conservation 
of angular momentum will be introduced and discussed (Sec. 17.10). 

In the last part of the chapter (Secs. 17.11 and 17.12), problems 
involving the eccentric impact of rigid bodies will be considered. As 
was done in Chap. 13, where we analyzed the impact of particles, 
the coefficient of restitution between the colliding bodies will be 
used together with the principle of impulse and momentum in the 
solution of impact problems. It will also be shown that the method 
used is applicable not only when the colliding bodies move freely 
after the impact but also when the bodies are partially constrained 
in their motion. 


17.2 PRINCIPLE OF WORK AND ENERGY 
FOR A RIGID BODY 


The principle of work and energy will now be used to analyze the 
plane motion of rigid bodies. As was pointed out in Chap. 13, the 
method of work and energy is particularly well adapted to the solu- 
tion of problems involving velocities and displacements. Its main 
advantage resides in the fact that the work of forces and the kinetic 
energy of particles are scalar quantities. 

In order to apply the principle of work and energy to the analy- 
sis of the motion of a rigid body, it will again be assumed that the 
rigid body is made of a large number n of particles of mass Am,. 
Recalling Eq. (14.30) of Sec. 14.8, we write 


| di ar U\_.2 = T2 (17.1) 


initial and final values of total kinetic energy of par- 


ticles forming the rigid body 


where T,, Ts 


U,_.2 = work of all forces acting on various particles of body 


The total kinetic energy 


1 ‘ 

T= 3 By Am, v? (17.2) 
i=l 

is obtained by adding positive scalar quantities and is itself a positive 

scalar quantity. You will see later how T can be determined for vari- 
ous types of motion of a rigid body. 


The expression Uj, in (17.1) represents the work of all the 
forces acting on the various particles of the body, whether these forces 
are internal or external. However, as you will see presently, the total 
work of the internal forces holding together the particles of a rigid 
body is zero. Consider two particles A and B of a rigid body and the 
two equal and opposite forces F and —F they exert on each other 
(Fig. 17.1). While, in general, small displacements dr and dr’ of the 
two particles are different, the components of these displacements 
along AB must be equal; otherwise, the particles would not remain at 
the same distance from each other and the body would not be rigid. 
Therefore, the work of F is equal in magnitude and opposite in sign 
to the work of —F, and their sum is zero. Thus, the total work of the 
internal forces acting on the particles of a rigid body is zero, and the 
expression U,_,9 in Eq. (17.1) reduces to the work of the external forces 
acting on the body during the displacement considered. 


17.3 WORK OF FORCES ACTING ON A RIGID BODY 


We saw in Sec. 13.2 that the work of a force F during a displacement 
of its point of application from A, to Ag is 


(17.3) 


or 


U1, = | (F cos a) ds (17.3') 
where F is the magnitude of the force, @ is the angle it forms with 
the direction of motion of its point of application A, and s is the 
variable of integration which measures the distance traveled by A 
along its path. 

In computing the work of the external forces acting on a rigid 
body, it is often convenient to determine the work of a couple with- 
out considering separately the work of each of the two forces forming 
the couple. Consider the two forces F and —F forming a couple of 
moment M and acting on a rigid body (Fig. 17.2). Any small displace- 
ment of the rigid body bringing A and B, respectively, into A’ and B” 
can be divided into two parts: in one part points A and B undergo 
equal displacements dr}; in the other part A’ remains fixed while B’ 
moves into B” through a displacement dr2 of magnitude ds, = r dé. 
In the first part of the motion, the work of F is equal in magnitude 
and opposite in sign to the work of —F and their sum is zero. In the 
second part of the motion, only force F works, and its work is dU = 
F dsy = Fr dé. But the product Fr is equal to the magnitude M of 
the moment of the couple. Thus, the work of a couple of moment M 
acting on a rigid body is 


dU = M do (17.4) 


where d6 is the small angle expressed in radians through which the 
body rotates. We again note that work should be expressed in units 
obtained by multiplying units of force by units of length. The work 


Fig. 


17.2 


17.3 Work of Forces Acting on a 
Rigid Body 


1083 


1084 


Plane Motion of Rigid Bodies: Energy and 
Momentum Methods 


Oo 


Fig. 17.3 


of the couple during a finite rotation of the rigid body is obtained 
by integrating both members of (17.4) from the initial value 6, of 
the angle @ to its final value 6. We write 


05 
Ursa = | M do (17.5) 
a, 


When the moment M of the couple is constant, formula (17.5) reduces 
to 


Uy.2 = M(6, — 6) (17.6) 


It was pointed out in Sec. 13.2 that a number of forces encoun- 
tered in problems of kinetics do no work. They are forces applied to 
fixed points or acting in a direction perpendicular to the displacement 
of their point of application. Among the forces which do no work the 
following have been listed: the reaction at a frictionless pin when the 
body supported rotates about the pin, the reaction at a frictionless 
surface when the body in contact moves along the surface, and the 
weight of a body when its center of gravity moves horizontally. We 
can add now that when a rigid body rolls without sliding on a fixed 
surface, the friction force F at the point of contact C does no work. 
The velocity vc of the point of contact C is zero, and the work of the 
friction force F during a small displacement of the rigid body is 


dU = F dsc = Five dt) = 0 


17.4 KINETIC ENERGY OF A RIGID BODY 
IN PLANE MOTION 


Consider a rigid body of mass m in plane motion. We recall from Sec. 
14.7 that, if the absolute velocity v; of each particle P,; of the body is 
expressed as the sum of the velocity v of the mass center G of the body 
and of the velocity v; of the particle relative to a frame Gx'y’ attached 
to G and of fixed orientation (Fig. 17.3), the kinetic energy of the sys- 
tem of particles forming the rigid body can be written in the form 


-_ 12 , 
T = hmv" + 7 by Amw'? (17.7) 
i=l 


But the magnitude v; of the relative velocity of P; is equal to the 
product rjw of the distance rj of P; from the axis through G perpen- 
dicular to the plane of motion and of the magnitude of the angular 
velocity of the body at the instant considered. Substituting into 
(17.7), we have 


- 1 n : ; 
T =5mv° + ( Srp 4m) w (17.8) 
i=] 


or, since the sum represents the moment of inertia I of the body 
about the axis through G, 


2 


We note that in the particular case of a body in translation 
(w = 0), the expression obtained reduces to amd’, while in the case 
of a centroidal rotation (v = 0), it reduces to 3Iw*. We conclude that 
the kinetic energy of a rigid body in plane motion can be separated 
into two parts: (1) the kinetic energy 5mov~ associated with the motion 
of the mass center G of the body, and (2) the kinetic energy slo” 
associated with the rotation of the body about G. 


Noncentroidal Rotation. The relation (17.9) is valid for any type 
of plane motion and can therefore be used to express the kinetic 
energy of a rigid body rotating with an angular velocity w about a 
fixed axis through O (Fig. 17.4). In that case, however, the kinetic 
energy of the body can be expressed more directly by noting that 
the speed v; of the particle P, is equal to the product rjw of the dis- 
tance r; of P; from the fixed axis and the magnitude w of the angular 
velocity of the body at the instant considered. Substituting into 
(17.2), we write 


if n . 1 n 
T= = Am,(rjo)? = (Ss r: 4m) wo” 
2 i=1 2 i=l 
or, since the last sum represents the moment of inertia Ig of the 


body about the fixed axis through O, 
T = iUpw" (17.10) 


We note that the results obtained are not limited to the motion 
of plane slabs or to the motion of bodies which are symmetrical with 
respect to the reference plane, and can be applied to the study of 
the plane motion of any rigid body, regardless of its shape. However, 
since Eq. (17.9) is applicable to any plane motion while Eq. (17.10) 
is applicable only in cases involving noncentroidal rotation, Eq. (17.9) 
will be used in the solution of all the sample problems. 


17.5 SYSTEMS OF RIGID BODIES 


When a problem involves several rigid bodies, each rigid body can be 
considered separately and the principle of work and energy can be 
applied to each body. Adding the kinetic energies of all the particles 
and considering the work of all the forces involved, we can also write 
the equation of work and energy for the entire system. We have 


Tae = (17.11) 


where T represents the arithmetic sum of the kinetic energies of the 
rigid bodies forming the system (all terms are positive) and U)_,5 
represents the work of all the forces acting on the various bodies, 
whether these forces are internal or external from the point of view 
of the system as a whole. 

The method of work and energy is particularly useful in solving 
problems involving pin-connected members, blocks and pulleys con- 
nected by inextensible cords, and meshed gears. In all these cases, 


17.5 Systems of Rigid Bodies 
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1086 ene poten at Baie Healer: Eiray an the internal forces occur by pairs of equal and opposite forces, and 
elena the points of application of the forces in each pair move through 
equal distances during a small displacement of the system. As a 
result, the work of the internal forces is zero and Uj_,. reduces to 
the work of the forces external to the system. 


17.6 CONSERVATION OF ENERGY 


We saw in Sec. 13.6 that the work of conservative forces, such as the 
weight of a body or the force exerted by a spring, can be expressed 
as a change in potential energy. When a rigid body, or a system of rigid 
bodies, moves under the action of conservative forces, the principle of 
work and energy stated in Sec. 17.2 can be expressed in a modified 
form. Substituting for U;_,. from (13.19') into (17.1), we write 


ee Ve — TiS (17.12) 


Formula (17.12) indicates that when a rigid body, or a system of rigid 
bodies, moves under the action of conservative forces, the sum of the 
kinetic energy and of the potential energy of the system remains 
constant. It should be noted that in the case of the plane motion of 
a rigid body, the kinetic energy of the body should include both the 
translational term $mo° and the rotational term jIw”. 

As an example of application of the principle of conservation 
of energy, let us consider a slender rod AB, of length / and mass m, 
whose extremities are connected to blocks of negligible mass sliding 
along horizontal and vertical tracks. We assume that the rod is released 
with no initial velocity from a horizontal position (Fig. 17.5a), and we 
wish to determine its angular velocity after it has rotated through an 
angle @ (Fig. 17.5b). 

Since the initial velocity is zero, we have T; = 0. Measuring the 
potential energy from the level of the horizontal track, we write V, = 0. 
After the rod has rotated through 6, the center of gravity G of the rod 
is at a distance $1 sin @ below the reference level and we have 


Vz, = —3WI sin 6 = —3mgl sin 6 


Datum Datum 


Fig. 17.5 


Observing that in this position the instantaneous center of the rod is 
located at C and that CG = $1, we write 0, = 5lw and obtain 


a) 7 2 ‘ g 2 
T. = }mv3 + 51lw3 = $m(5lw)? + 5(q5ml*) w* 


Applying the principle of conservation of energy, we write 
T, + Vi = Ts + V5 


0 = —— w — jmegl sin 8 


@ 


ll 
oN 
n 
a 
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The advantages of the method of work and energy, as well as 
its shortcomings, were indicated in Sec. 13.4. Here we should add 
that the method of work and energy must be supplemented by the 
application of d’Alembert’s principle when reactions at fixed axles, 
rollers, or sliding blocks are to be determined. For example, in order 
to compute the reactions at the extremities A and B of the rod of 
Fig. 17.5b, a diagram should be drawn to express that the system 
of the external forces applied to the rod is equivalent to the vector 
ma and the couple J@. The angular velocity w of the rod, however, 
is determined by the method of work and energy before the equa- 
tions of motion are solved for the reactions. The complete analysis 
of the motion of the rod and of the forces exerted on the rod 
requires, therefore, the combined use of the method of work and 
energy and of the principle of equivalence of the external and effec- 
tive forces. 


17.7 POWER 


Power was defined in Sec. 13.5 as the time rate at which work is 
done. In the case of a body acted upon by a force F, and moving 
with a velocity v, the power was expressed as follows: 


dU 
Power = ae =F-v (13.13) 


In the case of a rigid body rotating with an angular velocity w and 
acted upon by a couple of moment M parallel to the axis of rotation, 
we have, by (17.4), 


dU _ Mdé 


ee eg (17.13) 


Power = 


The various units used to measure power, such as the watt and the 
horsepower, were defined in Sec. 13.5. 


17.7 Power 
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M =60 lb-ft 


W = 240 Ib 


M =60 lb: ft 


SAMPLE PROBLEM 17.1 


A 240-lb block is suspended from an inextensible cable which is wrapped 
around a drum of 1.25-ft radius rigidly attached to a flywheel. The drum and 
flywheel have a combined centroidal moment of inertia J = 10.5 lb - ft - s. 
At the instant shown, the velocity of the block is 6 ft/s directed downward. 
Knowing that the bearing at A is poorly lubricated and that the bearing 
friction is equivalent to a couple M of magnitude 60 lb - ft, determine the 
velocity of the block after it has moved 4 ft downward. 


SOLUTION 
We consider the system formed by the flywheel and the block. Since the 


cable is inextensible, the work done by the internal forces exerted by the 
cable cancels. The initial and final positions of the system and the external 
forces acting on the system are as shown. 


Kinetic Energy. Position 1. 


Block: 0, = 6 ft/s 
0} 6 ft/s 
Flywheel: een = 
ees he nee 195 ft 4.80 rad/s 
T) = smo} te slo; 
1 240 Ib re 
5 2090 fe 2 4110.5 lb - ft - s?)(4. 2 
2 32.0 tye HWS) + 2(10.5 Ib - ft - s°)(4.80 rad/s) 
= 955 ft - Ib 


Position 2. Noting that w, = Us/1.25, we write 


ee ea : =) = 7.0968 
eo (02) (5)(10 (8 7.0905 


Work. During the motion, only the weight W of the block and the friction 
couple M do work. Noting that W does positive work and that the friction 
couple M does negative work, we write 


5, =0 so = 4 ft 
So A ft 
=0 —— — = 3.20 
a1 oe os oath nad 


Uso = W(se 81) M(6. 6) 
= (240 Ib)(4 ft) — (60 lb - ft)(3.20 rad) 
= 768 ft - lb 


Principle of Work and Energy 


1 ar Whe = 1 
255 ft - lb + 768 ft - Ib = 7.0903 
Do = 12.01 fis V, = 12.01 fs) 


ra = 250 mm 


rg = 100 mm 


SAMPLE PROBLEM 17.2 


Gear A has a mass of 10 kg and a radius of gyration of 200 mm; gear B has 
a mass of 3 kg and a radius of gyration of 80 mm. The system is at rest 
when a couple M of magnitude 6 N - m is applied to gear B. Neglecting 
friction, determine (a) the number of revolutions executed by gear B before 
its angular velocity reaches 600 rpm, (b) the tangential force which gear B 
exerts on gear A. 


SOLUTION 


Motion of Entire System. Noting that the peripheral speeds of the gears 
are equal, we write 


TAM, = RWB ne ey = WB 
A 


For wz = 600 rpm, we have 


Wz = 62.8 rad/s w, = 0.40wg = 25.1 rad/s 
IT, = mak& = (10 kg)(0.200 m)? = 0.400 kg - m? 
Iz = mgkp = (3 kg)(0.080 m)? = 0.0192 kg - m? 


Kinetic Energy. Since the system is initially at rest, T; = 0. Adding the 
kinetic energies of the two gears when wg = 600 rpm, we obtain 


Ie = 5 Law ar 5 [pop 
= 5(0.400 kg - m)(25.1 rad/s)? + 3(0.0192 kg - m*)(62.8 rad/s)” 
= 163.9] 
Work. Denoting by 6, the angular displacement of gear B, we have 
U\_,2 = M@g = (6N - m)(63 rad) = (608) J 
Principle of Work and Energy 
ar Ujes = Up 
0 + (603) J = 163.9 J 
63 = 27.32 rad 63 = 435 rev <q 


Motion of Gear A. Kinetic Energy. Initially, gear A is at rest, so T, = 
0. When wz = 600 rpm, the kinetic energy of gear A is 


T. = 3 Iya = 3(0.400 kg - m?)(25.1 rad/s)” = 126.0 J 


Work. The forces acting on gear A are as shown. The tangential force F 
does work equal to the product of its magnitude and of the length 047, of 
the arc described by the point of contact. Since 047, = Ogrz, we have 


U,s2 = F(Ogrg) = F(27.3 rad)(0.100 m) = F(2.73 m) 
Principle of Work and Energy 
Ti Une iy 
0 + F(2.73 m) = 126.0 J 
F = +46.2N F=462N/Y <4 
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SAMPLE PROBLEM 17.3 


A sphere, a cylinder, and a hoop, each having the same mass and the same 
radius, are released from rest on an incline. Determine the velocity of each 
body after it has rolled through a distance corresponding to a change in 
elevation h. 


SOLUTION 


The problem will first be solved in general terms, and then results for each 
body will be found. We denote the mass by m, the centroidal moment of 
inertia by I, the weight by W, and the radius by r. 


Kinematics. Since each body rolls, the instantaneous center of rotation is 
located at C and we write 


Se Sl 


Kinetic Energy 
Ty = 0 
ty = 5 


Work. Since the friction force F in rolling motion does no work, 


Uys. = Wh 
Principle of Work and Energy 
T, + Uy.2 = To _ 
0+ wh = (m+ 4)e eas 
r im. ar Lue 


Noting that W = mg, we rearrange the result and obtain 
a 2eh 
= Fie 
1 + I/mr 


Velocities of Sphere, Cylinder, and Hoop. Introducing successively the 
particular expression for I, we obtain 


= 0.845V2gh < 
0.816V2gh << 
= 0.707V2gh 


Remark. Let us compare the results with the velocity attained by a fric- 
tionless block sliding through the same distance. The solution is identical to 
the above solution except that w = 0; we find v = V2gh. 

Comparing the results, we note that the velocity of the body is inde- 
pendent of both its mass and radius. However, the velocity does depend upon 
the quotient I/mr? = k?/r?, which measures the ratio of the rotational kinetic 
energy to the translational kinetic energy. Thus the hoop, which has the largest 
k for a given radius r, attains the smallest velocity, while the sliding block, 


which does not rotate, attains the largest velocity. 


Fa Dn 
Sphere: I=5mr 
it ae 
zmr 


2 
mr 


Cylinder: 


INI 
| 

Ss} sl | 
| 


Hoop: 


K 


5 


ft > 


> 
bu 


Position 2—> | 


Position 1 


Datum 


30 Ib 


oo 


3 


0 Ib 


O 


IR 
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SAMPLE PROBLEM 17.4 


A 30-Ib slender rod AB is 5 ft long and is pivoted about a point O which is 
1 ft from end B. The other end is pressed against a spring of constant k = 
1800 Ib/in. until the spring is compressed 1 in. The rod is then in a hori- 
zontal position. If the rod is released from this position, determine its angu- 
lar velocity and the reaction at the pivot O as the rod passes through a 
vertical position. 


SOLUTION 


Position 1. Potential Energy. Since the spring is compressed 1 in., we 
have x; = 1 in. 
V.. = $kxj} = $(1800 Ib/in.)(1 in.)? = 900 in - Ib 
Choosing the datum as shown, we have Vote therefore, 
Vie Vee Ve — O00; I — ott ib 
Kinetic Energy. Since the velocity in position I is zero, we have T, = 0. 


Position 2. Potential Energy. The elongation of the spring is zero, and 
we have V, = 0. Since the center of gravity of the rod is now 1.5 ft above 
the datum, 

V, = (30 Ib)(+1.5 ft) = 45 ft - Ib 

V, = V, + V, = 45 ft: Ib 


Kinetic Energy. Denoting by @, the angular velocity of the rod in posi- 
tion 2, we note that the rod rotates about O and write 0: = ray = 1.5». 


= 1 30lb 
=smP = ft)? = 1.941 lb - ft - $” 
= aia! 19 90.9 fue (5 ft) b-: ft-s 
T, = dmoz + 12 = aeols (1.5@5)? + 4(1.941)@3 = 2.01903 
BO ESE ESE 8) B95) 2 : 2 2 


Conservation of Energy 


T, ar Vi = Ts oP Vo 
0 + 75 ft- lb = 2.019w3 + 45 ft - Ib 
@, = 3.86 rad/s) <4 

Reaction in Position 2. Since wz = 3.86 rad/s, the components of the 
acceleration of G as the rod passes through position 2 are 

a, = rws = (1.5 ft)(3.86 rad/s)? = 22.3 ft/s? a, = 22.3 ft/s? | 

a, = ra a, = ra—> 
We express that the system of external forces is equivalent to the system of 


effective forces represented by the vector of components ma, and ma, 
attached at G and the couple Ia. 


+)=Mo = =(Mo)esr: 0 = Ia + m(ra)r a=0 
SSE, = =(F,) oer: R, = m(ra) RR, = 
+7 SF, = D(Fy)ee: R, — 30 lb = —ma, 
30 Ib 
R, — 30 1b = 5 (2218 fs") 
32.2 ft/s” 


R,=+9.22lb R=9.22lbt < 
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Vap = 0.3750 


VBp = 0.5220 


A, Datum 
Position 2 


Jo = 0.1283 m 


SAMPLE PROBLEM 17.5 


Each of the two slender rods shown is 0.75 m long and has a mass of 6 kg. 
If the system is released from rest with B = 60°, determine (a) the angular 
velocity of rod AB when B = 20°, (b) the velocity of point D at the same 
instant. 


SOLUTION 


Kinematics of Motion When 8 = 20°. Since vz is perpendicular to the 
rod AB and Vp is horizontal, the instantaneous center of rotation of rod BD 
is located at C. Considering the geometry of the figure, we obtain 


BC = 0.75 m CD = 2(0.75 m) sin 20° = 0.513 m 


Applying the law of cosines to triangle CDE, where E is located at the mass 
center of rod BD, we find EC = 0.522 m. Denoting by the angular veloc- 
ity of rod AB, we have 


bg = (0.75 m)w vg = 0.750 N 
Since rod BD seems to rotate about point C, we write 
vg = (BC)wgp (0.75 m)w = (0.75 m)wzp @gp = @' 
Usp = (EC) agp = (0.522 m)w Vp = 0.5220 \ 


Position I. Potential Energy. Choosing the datum as shown, and observ- 
ing that W = (6 kg)(9.81 m/s’) = 58.86 N, we have 


V, = 2Wy, = 2(58.86 N)(0.325 m) = 38.26 J 
Kinetic Energy. Since the system is at rest, T,; = 0. 
Position 2. Potential Energy 
Vo = 2Wys = 2(58.86 N)(0.1283 m) = 15.10 J 
Kinetic Energy 
te = Gp= pl = (6 ke) (07am) = 0.26 ke ome 


ens 1 2 2) ib 2 
Tz = 9 MNUVAB ats x [pop ate 3 MUBD ar 3 Tgpwgp 


= 4(6)(0.375w)? + 4$(0.281)w” + 4(6)(0.522w)? + $(0.281)w” 
= 5200" 


Conservation of Energy 
T) ats Vi = To Gilg V2 
0 + 38.26 J = 1.520w” + 15.10 J 
3.90 rad/s @,jz = 3.90 rad/s) <q 


(62) 
Velocity of Point D 


Up = (CD)a = (0.513 m)(3.90 rad/s) = 2.00 m/s 
Vp = 2.00 m/ss> << 


SOLVING PROBLEMS 
JN TOUR OWN 


L this lesson we introduced energy methods to determine the velocity of rigid 
bodies for various positions during their motion. As you found out previously 
in Chap. 13, energy methods should be considered for problems involving dis- 
placements and velocities. 


1. The method of work and energy, when applied to all of the particles forming 
a rigid body, yields the equation 

T, + Uysg = To (17.1) 
where T; and Ty are, respectively, the initial and final values of the total kinetic 
energy of the particles forming the body and U\_,s is the work done by the external 
forces exerted on the rigid body. 


a. Work of forces and couples. To the expression for the work of a force 
(Chap. 13), we added the expression for the work of a couple and wrote 


Ag 05 
Uy 42 -| F-dr Ui42 -| Mdé (17.3, 17.5) 
0 


A 
1 1 


When the moment of a couple is constant, the work of the couple is 
Uj. = M(6, — 41) (17.6) 


where 6, and 6, are expressed in radians [Sample Probs. 17.1 and 17.2]. 

b. The kinetic energy of a rigid body in plane motion was found by con- 
sidering the motion of the body as the sum of a translation with its mass center 
and a rotation about the mass center. 


T =jmv' + $1 (17.9) 


where v is the velocity of the mass center and w is the angular velocity of the body 
[Sample Probs. 17.3 and 17.4]. 


2. For a system of rigid bodies we again used the equation 


where T is the sum the kinetic energies of the bodies forming the system and U 
is the work done by all the forces acting on the bodies, internal as well as external. 
Your computations will be simplified if you keep the following in mind. 

a. The forces exerted on each other by pin-connected members or by 
meshed gears are equal and opposite, and, since they have the same point of 
application, they undergo equal small displacements. Therefore, their total work 
is zero and can be omitted from your calculations [Sample Prob. 17.2]. 


(continued) 
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b. The forces exerted by an inextensible cord on the two bodies it connects 
have the same magnitude and their points of application move through equal dis- 
tances, but the work of one force is positive and the work of the other is negative. 
Therefore, their total work is zero and can again be omitted from your calculations 
[Sample Prob. 17.1]. 

c. The forces exerted by a spring on the two bodies it connects also have 
the same magnitude, but their points of application will generally move through 
different distances. Therefore, their total work is usually not zero and should be 
taken into account in your calculations. 


3. The principle of conservation of energy can be expressed as 
Leh Vee tar Va (17.12) 


where V represents the potential energy of the system. This principle can be used 
when a body or a system of bodies is acted upon by conservative forces, such as the 
force exerted by a spring or the force of gravity [Sample Probs. 17.4 and 17.5]. 


4. The last section of this lesson was devoted to power, which is the time rate 
at which work is done. For a body acted upon by a couple of moment M, the 
power can be expressed as 


Power = Mw (17.13) 


where w is the angular velocity of the body expressed in rad/s. As you did in 
Chap. 13, you should express power either in watts or in horsepower (1 hp = 


550 ft - Ib/s). 


17.1 


17.2 


17.3 


17.4 


17.5 


17.6 


PROBLEMS 


It is known that 1500 revolutions are required for the 6000-lb 
flywheel to coast to rest from an angular velocity of 300 rpm. 
Knowing that the radius of gyration of the flywheel is 36 in., deter- 
mine the average magnitude of the couple due to kinetic friction 
in the bearings. 


The rotor of an electric motor has an angular velocity of 3600 rpm 
when the load and power are cut off. The 50-kg rotor, which has 
a centroidal radius of gyration of 180 mm, then coasts to rest. 
Knowing that the kinetic friction of the rotor produces a couple 
of magnitude 3.5 N - m, determine the number of revolutions that 
the rotor executes before coming to rest. 


Two disks of the same material are attached to a shaft as shown. 
Disk A is of radius r and has a thickness b, while disk B is of 
radius nr and thickness 3b. A couple M of constant magnitude 
is applied when the system is at rest and is removed after the 
system has executed 2 revolutions. Determine the value of n 
which results in the largest final speed for a point on the rim 
of disk B. 


Two disks of the same material are attached to a shaft as shown. 
Disk A has a mass of 15 kg and a radius r = 125 mm. Disk B is 
three times as thick as disk A. Knowing that a couple M of mag- 
nitude 20 N - m is to be applied to disk A when the system is at 
rest, determine the radius nr of disk B if the angular velocity of 
the system is to be 600 rpm after 4 revolutions. 


The flywheel of a punching machine has a mass of 300 kg and 
a radius of gyration of 600 mm. Each punching operation 
requires 2500 J of work. (a) Knowing that the speed of the 
flywheel is 300 rpm just before a punching, determine 
the speed immediately after the punching. (b) If a constant 
25-N - m couple is applied to the shaft of the flywheel, deter- 
mine the number of revolutions executed before the speed is 
again 300 rpm. 


The flywheel of a small punching machine rotates at 360 rpm. Each 
punching operation requires 1500 ft - Ib of work and it is desired 
that the speed of the flywheel after each punching be not less than 
95 percent of the original speed. (a) Determine the required 
moment of inertia of the flywheel. (b) If a constant 18 lb - ft couple 
is applied to the shaft of the flywheel, determine the number of 
revolutions that must occur between two successive punchings, 
knowing that the initial velocity is to be 360 rpm at the start of 
each punching. 


Fig. P17.3 and P17.4 


1095 


1096 Plane Motion of Rigid Bodies: Energy and 


Momentum Methods 


Fig. P17.9 


ea 


Fig. P17.12 


17.7 


17.8 


17.9 


17.12 


Disk A is of constant thickness and is at rest when it is placed in 
contact with belt BC, which moves with a constant velocity v. 
Denoting by py, the coefficient of kinetic friction between the disk 
and the belt, derive an expression for the number of revolutions 
executed by the disk before it attains a constant angular velocity. 


Disk A, of weight 10 lb and radius r = 6 in., is at rest when it is 
placed in contact with belt BC, which moves to the right with a 
constant speed v = 40 ft/s. Knowing that uy, = 0.20 between the 
disk and the belt, determine the number of revolutions executed 
by the disk before it attains a constant angular velocity. 


Each of the gears A and B has a mass of 2.4 kg and a radius of gyra- 
tion of 60 mm, while gear C has a mass of 12 kg and a radius of 
gyration of 150 mm. A couple M of constant magnitude 10 N - m is 
applied to gear C. Determine (@) the number of revolutions of gear 
C required for its angular velocity to increase from 100 to 450 rpm, 
(b) the corresponding tangential force acting on gear A. 


Solve Prob. 17.9, assuming that the 10-N - m couple is applied to 
gear B. 


The double pulley shown weighs 30 Ib and has a centroidal radius 
of gyration of 6.5 in. Cylinder A and block B are attached to cords 
that are wrapped on the pulleys as shown. The coefficient of 
kinetic friction between block B and the surface is 0.25. Knowing 
that the system is released from rest in the position shown, deter- 
mine (a) the velocity of cylinder A as it strikes the ground, (b) the 
total distance that block B moves before coming to rest. 


Fig. P17.11 


The 8-in.-radius brake drum is attached to a larger flywheel that 
is not shown. The total mass moment of inertia of the flywheel and 
drum is 14 lb - ft - s? and the coefficient of kinetic friction between 
the drum and the brake shoe is 0.35. Knowing that the initial 
angular velocity of the flywheel is 360 rpm counterclockwise, 
determine the vertical force P that must be applied to the pedal 
C if the system is to stop in 100 revolutions. 


17.13 Solve Prob. 17.12, assuming that the initial angular velocity of the Problems 1 QQ7 
flywheel is 360 rpm clockwise. 


17.14 The gear train shown consists of four gears of the same thickness 
and of the same material; two gears are of radius r, and the other 
two are of radius nr. The system is at rest when the couple Mo is 
applied to shaft C. Denoting by Ip the moment of inertia of a gear 
of radius r, determine the angular velocity of shaft A if the couple 
Mb is applied for one revolution of shaft C. 


Fig. P17.14 


17.15 The three friction disks shown are made of the same material and 
have the same thickness. It is known that disk A weighs 12 lb 
and that the radii of the disks are ry = 8 in., rg = 6 in., and 
rc = 4in. The system is at rest when a couple My of constant magni- 
tude 60 lb - in. is applied to disk A. Assuming that no slipping occurs 
between disks, determine the number of revolutions required for 
disk A to reach an angular velocity of 150 rpm. 


Fig. P17.15 


17.16 and 17.17 A slender 4-kg rod can rotate in a vertical plane 
about a pivot at B. A spring of constant k = 400 N/m and of 
unstretched length 150 mm is attached to the rod as shown. Know- 
ing that the rod is released from rest in the position shown, deter- 
mine its angular velocity after it has rotated through 90°. 


| 


600 mm 600 mm 


— ani 
[| 350 mm Al. 350 mm —> 


Fig. P17.16 Fig. P17.17 


1098 Plane Motion of Rigid Bodies: Energy and 17.18 A slender rod of length | and weight W is pivoted at one end as 
iomenjurny Meinoss shown. It is released from rest in a horizontal position and swings 
freely. (2) Determine the angular velocity of the rod as it passes 


through a vertical position and determine the corresponding reac- 

Al )B tion at the pivot. (b) Solve part a for W = L8 lb and/ = 3 ft. 
- l . 17.19 A slender rod of length / is pivoted about a point C located at a 
Fig. P17.18 distance b from its center G. It is released from rest in a horizontal 


position and swings freely. Determine (a) the distance b for which 
the angular velocity of the rod as it passes through a vertical posi- 
tion is maximum, (b) the corresponding values of its angular veloc- 
ity and of the reaction at C. 


a 


I< l >| 


Fig. P17.19 


17.20 A 160-lb gymnast is executing a series of full-circle swings on the 
horizontal bar. In the position shown he has a small and negligible 
clockwise angular velocity and will maintain his body straight and 
rigid as he swings downward. Assuming that during the swing the 
centroidal radius of gyration of his body is 1.5 ft, determine his 
angular velocity and the force exerted on his hands after he has 
rotated through (a) 90°, (b) 180°. 


17.21 Two identical slender rods AB and BC are welded together to form 
an L-shaped assembly. The assembly is pressed against a spring at 
D and released from the position shown. Knowing that the maxi- 
mum angle of rotation of the assembly in its subsequent motion is 
90° counterclockwise, determine the magnitude of the angular 
velocity of the assembly as it passes through the position where 
rod AB forms an angle of 30° with the horizontal. 


Fig. P17.20 

17.22 A collar with a mass of 1 kg is rigidly attached at a distance d = 
300 mm from the end of a uniform slender rod AB. The rod has a 
mass of 3 kg and is of length L = 600 mm. Knowing that the rod 

iV IT is released from rest in the position shown, determine the angular 

velocity of the rod after it has rotated through 90°. 


is 17.23 A collar with a mass of 1 kg is rigidly attached to a slender rod AB 

, of mass 3 kg and length L = 600 mm. The rod is released from rest 

|. in the position shown. Determine the distance d for which the angu- 
D lar velocity of the rod is maximum after it has rotated through 90°. 


17.24 A 20-kg uniform cylindrical roller, initially at rest, is acted upon 
by a 90-N force as shown. Knowing that the body rolls without 
slipping, determine (a) the velocity of its center G after it has 
moved 1.5 m, (b) the friction force required to prevent slipping. 


—_ N 


L G 250 mm 
‘= d 90 N 
C 
: 
B ’ 


-= 


A 
Fig. P17.22 and P17.23 Fig. P17.24 


Fig. P17.21 


17.25 


17.26 


17.27 


17.28 


17.29 


17.30 


17,31 


A rope is wrapped around a cylinder of radius r and mass m as 
shown. Knowing that the cylinder is released from rest, determine 
the velocity of the center of the cylinder after it has moved down- 
ward a distance s. 


Solve Prob. 17.25, assuming that the cylinder is replaced by a thin- 
walled pipe of radius r and mass m. 


The mass center G of a 3-kg wheel of radius R = 180 mm is 
located at a distance r = 60 mm from its geometric center C. The 
centroidal radius of gyration of the wheel is k = 90 mm. As the 
wheel rolls without sliding, its angular velocity is observed to vary. 
Knowing that w = 8 rad/s in the position shown, determine 
(a) the angular velocity of the wheel when the mass center G is 
directly above the geometric center C, (b) the reaction at the hori- 
zontal surface at the same instant. 


A collar B, of mass m and of negligible dimension, is attached to 
the rim of a hoop of the same mass m and of radius r that rolls 
without sliding on a horizontal surface. Determine the angular 
velocity w, of the hoop in terms of g and r when B is directly above 
the center A, knowing that the angular velocity of the hoop is 3a, 
when B is directly below A. 


NY 


Fig. P17.28 


A half section of pipe of mass m and radius r is released from rest 

in the position shown. Knowing that the pipe rolls without sliding, 

determine (a) its angular velocity after it has rolled through 90°, 

(b) the reaction at the horizontal surface at the same instant. [Hint: 

Note that GO = 2r/m and that, by the parallel-axis theorem, I = 
9, 2 

mr — m(GOY] 


Two uniform cylinders, each of weight W = 14 lb and radius 
r = 5in,, are connected by a belt as shown. Knowing that the initial 
angular velocity of cylinder B is 30 rad/s counterclockwise, deter- 
mine (a) the distance through which cylinder A will rise before the 
angular velocity of cylinder B is reduced to 5 rad/s, (b) the tension 
in the portion of belt connecting the two cylinders. 


Two uniform cylinders, each of weight W = 14 lb and radius 
r = 5 in. are connected by a belt as shown. If the system is 
released from rest, determine (a) the velocity of the center of cyl- 
inder A after it has moved through 3 ft, (b) the tension in the 
portion of belt connecting the two cylinders. 


Fig. P17.25 


Fig. P17.27 


Fig. P17.29 


Fig. P17.30 and P17.31 
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1100 Plane Motion of Rigid Bodies: Energy and 17.32 The 5-kg rod BC is attached by pins to two uniform disks as 

fomentumn: Mistiods shown. The mass of the 150-mm-radius disk is 6 kg and that of 
the 75-mm-radius disk is 1.5 kg. Knowing that the system is 
released from rest in the position shown, determine the velocity 
of the rod after disk A has rotated through 90°. 


75 mm 


17.33 through 17.35 The 9-kg cradle is supported as shown by two 
uniform disks that roll without sliding at all surfaces of contact. 
The mass of each disk is m = 6 kg and the radius of each disk is 
r = 80 mm. Knowing that the system is initially at rest, determine 
the velocity of the cradle after it has moved 250 mm. 


Fig. P17.32 30N 
7 : : OO 
A B Fig. P17.34 Fig. P17.35 


17.36 The motion of the slender 10-kg rod AB is guided by collars of 
Fig. P17.33 negligible mass that slide freely on the vertical and horizontal rods 
shown. Knowing that the bar is released from rest when 0 = 30°, 
determine the velocity of collars A and B when 6 = 60°. 


17.37 The motion of the slender 10-kg rod AB is guided by collars of 
negligible mass that slide freely on the vertical and horizontal rods 
shown. Knowing that the bar is released from rest when 0 = 20°, 
determine the velocity of collars A and B when @ = 90°. 


17.38 The ends of a 9-lb rod AB are constrained to move along slots cut in 
a vertical plate as shown. A spring of constant k = 3 Ib/in. is attached 
to end A in such a way that its tension is zero when @ = 0. If the rod 
is released from rest when 6 = 0, determine the angular velocity of 
the rod and the velocity of end B when 6 = 30°. 


17.39 The ends of a 9-lb rod AB are constrained to move along slots cut 
in a vertical plate as shown. A spring of constant k = 3 Ib/in. is 
attached to end A in such a way that its tension is zero when 6 = 0. 
If the rod is released from rest when @ = 50°, determine the angular 
velocity of the rod and the velocity of end B when 6 = 0. 


17.40 The motion of the uniform rod AB is guided by small wheels of 
negligible mass that roll on the surface shown. If the rod is released 
from rest when 6 = 0, determine the velocities of A and B when 
0 = 30°. 


Fig. P17.38 and P17.39 


A 


Fig. P17.40 


17.41 


17.42 


17.43 


17.44 


17.45 


17.46 


The motion of a slender rod of length R is guided by pins at A and 
B which slide freely in slots cut in a vertical plate as shown. If end 
B is moved slightly to the left and then released, determine the 
angular velocity of the rod and the velocity of its mass center 
(a) at the instant when the velocity of end B is zero, (b) as end B 
passes through point D. 


Fig. P17.41 


Two uniform rods, each of mass m and length L, are connected to 
form the linkage shown. End D of rod BD can slide freely in the 
horizontal slot, while end A of rod AB is supported by a pin and 
bracket. If end D is moved slightly to the left and then released, 
determine its velocity (a) when it is directly below A, (b) when rod 
AB is vertical. 


The uniform rods AB and BC weigh 2.4 lb and 4 lb, respectively, 
and the small wheel at C is of negligible weight. If the wheel is 
moved slightly to the right and then released, determine the veloc- 
ity of pin B after rod AB has rotated through 90°. 


Fig. P17.43 and P17.44 


The uniform rods AB and BC weigh 2.4 lb and 4 |b, respectively, 
and the small wheel at C is of negligible weight. Knowing that in the 
position shown the velocity of wheel C is 6 ft/s to the right, determine 
the velocity of pin B after rod AB has rotated through 90°. 


The 4-kg rod AB is attached to a collar of negligible mass at A and 
to a flywheel at B. The flywheel has a mass of 16 kg and a radius 
of gyration of 180 mm. Knowing that in the position shown the 
angular velocity of the flywheel is 60 rpm clockwise, determine 
the velocity of the flywheel when point B is directly below C. 


If in Prob. 17.45 the angular velocity of the flywheel is to be the 
same in the position shown and when point B is directly above C, 
determine the required value of its angular velocity in the position 
shown. 


Fig. P17.42 


240 mm 
Fig. P17.45 and P17.46 
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Fig. P17.47 


Fig. P17.50 


17.47 The 80-mm-radius gear shown has a mass of 5 kg and a centroidal 


17.48 


radius of gyration of 60 mm. The 4-kg rod AB is attached to the 
center of the gear and to a pin at B that slides freely in a vertical 
slot. Knowing that the system is released from rest when 6 = 60°, 
determine the velocity of the center of the gear when 6 = 20°. 


The motor shown rotates at a frequency of 22.5 Hz and runs a 
machine attached to the shaft at B. Knowing that the motor develops 
3 kW, determine the magnitude of the couple exerted (a) by the 
motor on pulley A, (b) by the shaft on pulley B. 


30 mm 


Fig. P17.48 


17.49 Knowing that the maximum allowable couple that can be applied 


17.50 


17.51 


to a shaft is 15.5 kip - in., determine the maximum horsepower that 
can be transmitted by the shaft at (a) 180 rpm, (b) 480 rpm. 


Three shafts and four gears are used to form a gear train which will 
transmit 7.5 kW from the motor at A to a machine tool at F. (Bear- 
ings for the shafts are omitted from the sketch.) Knowing that the 
frequency of the motor is 30 Hz, determine the magnitude of the 
couple which is applied to shaft (a) AB, (b) CD, (c) EF. 


The shaft-disk-belt arrangement shown is used to transmit 2.4 kW 
from point A to point D. Knowing that the maximum allowable 
couples that can be applied to shafts AB and CD are 25 N - m and 
80 N - m, respectively, determine the required minimum speed of 


shaft AB. 


20mm 


Fig. P17.51 


17.8 PRINCIPLE OF IMPULSE AND MOMENTUM FOR 
THE PLANE MOTION OF A RIGID BODY 


The principle of impulse and momentum will now be applied to the 
analysis of the plane motion of rigid bodies and of systems of rigid 
bodies. As was pointed out in Chap. 13, the method of impulse and 
momentum is particularly well adapted to the solution of problems 
involving time and velocities. Moreover, the principle of impulse 
and momentum provides the only practicable method for the solu- 
tion of problems involving impulsive motion or impact (Secs. 17.11 
and 17.12). 

Considering again a rigid body as made of a large number of 
particles P;, we recall from Sec. 14.9 that the system formed by the 
momenta of the particles at time t; and the system of the impulses 
of the external forces applied from tf, to f, are together equipollent 
to the system formed by the momenta of the particles at time to. 
Since the vectors associated with a rigid body can be considered as 
sliding vectors, it follows (Sec. 3.19) that the systems of vectors 
shown in Fig. 17.6 are not only equipollent but truly equivalent in 


SFdt 


17.8 Principle of Impulse and Momentum for 1103 
the Plane Motion of a Rigid Body 


(v; Am;)o 


O x O 
Fig. 17.6 


the sense that the vectors on the left-hand side of the equals sign 
can be transformed into the vectors on the right-hand side through 
the use of the fundamental operations listed in Sec. 3.13. We there- 
fore write 


(17.14) 


But the momenta v; Am; of the particles can be reduced to a 
vector attached at G, equal to their sum 


L= > v; Am; 


i=1 


and a couple of moment equal to the sum of their moments about G 


n 
Hc = > r; X v; Am; 
i=] 
We recall from Sec. 14.3 that L and He define, respectively, the 
linear momentum and the angular momentum about G of the system 


Photo 17.2 A Charpy impact test is used to 
determine the amount of energy absorbed by a 
material during impact by subtracting the final 

gravitation potential energy of the arm from its 
initial gravitational potential energy. 


1104 Plane Motion of Rigid Bodies: Energy and of particles forming the rigid body. We also note from Eq. (14.14) 
Sones eee that L = mv. On the other hand, restricting the present analysis to 

the plane motion of a rigid slab or of a rigid body symmetrical with 

respect to the reference plane, we recall from Eq. (16.4) that 

Hg, = Iw. We thus conclude that the system of the momenta v; Am; 

is equivalent to the linear momentum vector mv attached at G and 

to the angular momentum couple Iw (Fig. 17.7). Observing that the 


Lamy 
v; Am; / ) 


Fig. 17.7 


system of momenta reduces to the vector mv in the particular case 
of a translation (w = 0) and to the couple Iw in the particular case of 
a centroidal rotation (v = 0), we verify once more that the plane 
motion of a rigid body symmetrical with respect to the reference 
plane can be resolved into a translation with the mass center G and 
a rotation about G. 

Replacing the system of momenta in parts a and c of Fig. 17.6 
by the equivalent linear momentum vector and angular momentum 
couple, we obtain the three diagrams shown in Fig. 17.8. This figure 


y y y MVo 
SF dt 


O x O 


Fig. 17.8 


expresses as a free-body-diagram equation the fundamental relation 
(17.14) in the case of the plane motion of a rigid slab or of a rigid 
body symmetrical with respect to the reference plane. 

Three equations of motion can be derived from Fig. 17.8. Two 
equations are obtained by summing and equating the x and y com- 
ponents of the momenta and impulses, and the third equation is 
obtained by summing and equating the moments of these vectors 
about any given point. The coordinate axes can be chosen fixed in 


space, or allowed to move with the mass center of the body while 
maintaining a fixed direction. In either case, the point about which 
moments are taken should keep the same position relative to the 
coordinate axes during the interval of time considered. 

In deriving the three equations of motion for a rigid body, care 
should be taken not to add linear and angular momenta indiscrimi- 
nately. Confusion can be avoided by remembering that mv, and mv, 
represent the components of a vector, namely, the linear momen- 
tum vector mv, while Iw represents the magnitude of a couple, namely, 
the angular momentum couple Iw. Thus the quantity Iw should be 
added only to the moment of the linear momentum mv, never to this 
vector itself nor to its components. All quantities involved will then be 
expressed in the same units, namely N - m-s or Ib- ft +s. 


Noncentroidal Rotation. In this particular case of plane motion, 
the magnitude of the velocity of the mass center of the body is 
v = rw, where r represents the distance from the mass center to the 
fixed axis of rotation and @ represents the angular velocity of the 
body at the instant considered; the magnitude of the momentum 
vector attached at G is thus mv = mrw. Summing the moments 
about O of the momentum vector and momentum couple (Fig. 17.9) 


Fig. 17.9 


and using the parallel-axis theorem for moments of inertia, we find 
that the angular momentum Ho of the body about O has the 
magnitudet 


Iw + (mrw)r = (I + mr?) = Ipw (17.15) 


Equating the moments about O of the momenta and impulses in 
(17.14), we write 


te 
Ipa, + 9 | Mo dt = Iows (17.16) 

ty 
In the general case of plane motion of a rigid body symmetrical 
with respect to the reference plane, Eq. (17.16) can be used with 
respect to the instantaneous axis of rotation under certain conditions. 
It is recommended, however, that all problems of plane motion be 

solved by the general method described earlier in this section. 


tNote that the sum Hy of the moments about an arbitrary point A of the momenta of 
the particles of a rigid slab is, in general, not equal to Iy@. (See Prob. 17.67.) 
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Photo 17.3 A figure skater at the beginning 
and at the end of a spin. By using the principle 
of conservation of angular momentum you will 
find that her angular velocity is much higher at 
the end of the spin. 


17.9 SYSTEMS OF RIGID BODIES 


The motion of several rigid bodies can be analyzed by applying the 
principle of impulse and momentum to each body separately (Sam- 
ple Prob. 17.6). However, in solving problems involving no more 
than three unknowns (including the impulses of unknown reactions), 
it is often convenient to apply the principle of impulse and momen- 
tum to the system as a whole. The momentum and impulse diagrams 
are drawn for the entire system of bodies. For each moving part of 
the system, the diagrams of momenta should include a momentum 
vector, a momentum couple, or both. Impulses of forces internal to 
the system can be omitted from the impulse diagram, since they 
occur in pairs of equal and opposite vectors. Summing and equating 
successively the x components, y components, and moments of all 
vectors involved, one obtains three relations which express that the 
momenta at time ft; and the impulses of the external forces form a 
system equipollent to the system of the momenta at time t,.f Again, 
care should be taken not to add linear and angular momenta indis- 
criminately; each equation should be checked to make sure that con- 
sistent units have been used. This approach has been used in Sample 
Prob. 17.8 and, further on, in Sample Probs. 17.9 and 17.10. 


17.10 CONSERVATION OF ANGULAR MOMENTUM 


When no external force acts on a rigid body or a system of rigid 
bodies, the impulses of the external forces are zero and the system 
of the momenta at time ¢, is equipollent to the system of the momenta 
at time t;. Summing and equating successively the x components, 
y components, and moments of the momenta at times t; and tz, we 
conclude that the total linear momentum of the system is conserved 
in any direction and that its total angular momentum is conserved 
about any point. 

There are many engineering applications, however, in which the 
linear momentum is not conserved yet the angular momentum Ho of 
the system about a given point O is conserved that is, in which 


(Ho): = (Ho)s (17.17) 


Such cases occur when the lines of action of all external forces pass 
through O or, more generally, when the sum of the angular impulses 
of the external forces about O is zero. 

Problems involving conservation of angular momentum about a 
point O can be solved by the general method of impulse and momen- 
tum, i.e., by drawing momentum and impulse diagrams as described 
in Secs. 17.8 and 17.9. Equation (17.17) is then obtained by summing 
and equating moments about O (Sample Prob. 17.8). As you will see 
later in Sample Prob. 17.9, two additional equations can be written 
by summing and equating x and y components and these equations 
can be used to determine two unknown linear impulses, such as the 
impulses of the reaction components at a fixed point. 


tNote that as in Sec. 16.7, we cannot speak of equivalent systems since we are not 
dealing with a single rigid body. 


ra = 250 mm 


rg = 100 mm 


SAMPLE PROBLEM 17.6 


Gear A has a mass of 10 kg and a radius of gyration of 200 mm, and gear B 
has a mass of 3 kg and a radius of gyration of 80 mm. The system is at rest 
when a couple M of magnitude 6 N - m is applied to gear B. (These gears 
were considered in Sample Prob. 17.2.) Neglecting friction, determine 
(a) the time required for the angular velocity of gear B to reach 600 rpm, 
(b) the tangential force which gear B exerts on gear A. 


SOLUTION 


We apply the principle of impulse and momentum to each gear separately. 
Since all forces and the couple are constant, their impulses are obtained by 
multiplying them by the unknown time t. We recall from Sample Prob. 17.2 
that the centroidal moments of inertia and the final angular velocities are 


I, = 0.400 kg - m?” Iz = 0.0192 kg - m* 
(@4)y = 25.1 rad/s (Wg). = 62.8 rad/s 
Principle of Impulse and Momentum for Gear A. The systems of initial 


momenta, impulses, and final momenta are shown in three separate 
sketches. 


Syst Momenta, + Syst Ext Imp,.., = Syst Momenta, 


+\moments about A: 0 — Ftr, = —I4(@,)s 
Ft(0.250 m) = (0.400 kg + m?)(25.1 rad/s) 
Ft=40.2N:s 
Principle of Impulse and Momentum for Gear B. 
T3(@p)1 = ee Tp(@p)s 
Byt 
Syst Momenta, + Syst Ext Imp,_,. = Syst Momenta, 
+\moments about B: O + Mt — Ftrg = Ig(wp)o 
+(6 N - m)t — (40.2 N - s)(0.100 m) = (0.0192 kg ¢ m”)(62.8 rad/s) 
t=087ls < 
Recalling that Ft = 40.2 N - s, we write 
F(0.871 s) = 40.2N-°:s f= 746.2) N 
Thus, the force exerted by gear B on gear A is F=462NY <q 
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SAMPLE PROBLEM 17.7 


A uniform sphere of mass m and radius r is projected along a rough hori- 
zontal surface with a linear velocity v; and no angular velocity. Denoting by 
Mx the coefficient of kinetic friction between the sphere and the surface, 
determine (a) the time t, at which the sphere will start rolling without slid- 
ing, (b) the linear and angular velocities of the sphere at time to. 


SOLUTION 


While the sphere is sliding relative to the surface, it is acted upon by the nor- 
mal force N, the friction force F, and its weight W of magnitude W = mg. 


Principle of Impulse and Momentum. We apply the principle of impulse 
and momentum to the sphere from the time t; = 0 when it is placed on 
the surface until the time t2 = t when it starts rolling without sliding. 


Syst Momenta, + Syst Ext Imp,_,. = Syst Momenta, 


+f y components: Nt — Wt = 0 (1) 
43x components: mo, — Ft = mv, (2) 
+) moments about G: Fir = Io (3) 


From (1) we obtain N = W = mg. During the entire time interval consid- 
ered, sliding occurs at point C and we have F = u,N = pyxmg. Substituting 
CS for F into (2), we write 


mv, — pymgt = mb; Oy = Oh = fa (4) 


Substituting F = u,mg and = 2mr* into (3), 


(5) 


metr = 2mr°-o OW, = ins 
Mymng 5 2 2 5. 
The sphere will start rolling without sliding when the velocity vc of the point 
of contact is zero. At that time, point C becomes the instantaneous center 
of rotation, and we have 0: = rw». Substituting from (4) and (5), we write 


aa = : (3 Mg i) — 2 
Vg — TW, v{ MES r 2 7 ing 
Substituting this expression for ¢ into (5), 
_ 5 Bg 2 _ bo _ 50) 
0-5 (E>) Tee ae i ee s 
5 = = 
_s a-(82) asin « 
Met 


SAMPLE PROBLEM 17.8 


Two solid spheres of radius 3 in., weighing 2 lb each, are mounted at 
A and B on the horizontal rod A'B', which rotates freely about the vertical 
with a counterclockwise angular velocity of 6 rad/s. The spheres are held in 
position by a cord which is suddenly cut. Knowing that the centroidal 
moment of inertia of the rod and pivot is Iz = 0.25 lb - ft - s*, determine 
(a) the angular velocity of the rod after the spheres have moved to positions 
A’ and B’, (b) the energy lost due to the plastic impact of the spheres and 
the stops at A’ and B’. 


SOLUTION 


a. Principle of Impulse and Momentum. In order to determine the final 
angular velocity of the rod, we will express that the initial momenta of the 
various parts of the system and the impulses of the external forces are 
together equipollent to the final momenta of the system. 


(mgVp)1 


Syst Momenta, + Syst Ext Imp;_,. = Syst Momenta, 


Observing that the external forces consist of the weights and the reac- 
tion at the pivot, which have no moment about the y axis, and noting that 
Ua = Up = Tw, we equate moments about the y axis: 


2(msrjo,)ry II sa, t icon = 2(MsgroWo)To ae IT sews ote ilattip 
(Qmsr¢ ae Pie ate lao => (Qmsr3 ar II ate imap (1) 


which expresses that the angular momentum of the system about the y axis 
is conserved. We now compute 


Is = 2ga* = 2(2 1b/32.2 ft/s*)(% ft)” = 0.00155 Ib - ft - s? 
mgr? = (2/32.2)(5)? = 0.0108 msF3 = (2/32.2)(3) = 0.2696 


Substituting these values, and Tp = 0.25 and @, = 6 rad/s into (1): 
0.275(6 rad/s) = 0.792@s @s = 2.08 rad/s) 
b. Energy Lost. The kinetic energy of the system at any instant is 


T = 2(5meo? + Sew) + ZIqw”? = $(Qmsr? + QWs + Ip) w* 


Recalling the numerical values found above, we have 


T, = 3(0.275)(6)? = 4.95 ft - Ib To = 3(0.792)(2.08) = 1.713 ft - Ib 
AT =T, — T; = 1.71-—495 AT =-—3.24 ft-lb <q 
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SOLVING PROBLEMS 
JN TOUR OWN 


ik this lesson you learned to use the method of impulse and momentum to solve 
problems involving the plane motion of rigid bodies. As you found out previ- 
ously in Chap. 13, this method is most effective when used in the solution of 
problems involving velocities and time. 


1. The principle of impulse and momentum for the plane motion of a rigid 
body is expressed by the following vector equation: 


Syst Momenta, + Syst Ext Imp,_., = Syst Momenta, — (17.14) 


where Syst Momenta represents the system of the momenta of the particles 
forming the rigid body, and Syst Ext Imp represents the system of all the external 
impulses exerted during the motion. 

a. The system of the momenta of a rigid body is equivalent to a linear 
momentum vector mv attached at the mass center of the body and an angular 
momentum couple Iw (Fig. 17.7). 

b. You should draw a free-body-diagram equation for the rigid body to 
express graphically the above vector equation. Your diagram equation will consist 
of three sketches of the body, representing respectively the initial momenta, the 
impulses of the external forces, and the final momenta. It will show that the system 
of the initial momenta and the system of the impulses of the external forces are 
together equivalent to the system of the final momenta (Fig. 17.8). 

c. By using the free-body-diagram equation, you can sum components in 
any direction and sum moments about any point. When summing moments about 
a point, remember to include the angular momentum Iw of the body, as well as 
the moments of the components of its linear momentum. In most cases you will 
be able to select and solve an equation that involves only one unknown. This was 
done in all the sample problems of this lesson. 


2. In problems involving a system of rigid bodies, you can apply the principle of 
impulse and momentum to the system as a whole. Since internal forces occur in equal 
and opposite pairs, they will not be part of your solution [Sample Prob. 17.8]. 


3. Conservation of angular momentum about a given axis occurs when, for 
a system of rigid bodies, the sum of the moments of the external impulses about 
that axis is zero. You can indeed easily observe from the free-body-diagram equa- 
tion that the initial and final angular momenta of the system about that axis are 
equal and, thus, that the angular momentum of the system about the given axis is 
conserved. You can then sum the angular momenta of the various bodies of the 
system and the moments of their linear momenta about that axis to obtain an 
equation which can be solved for one unknown [Sample Prob. 17.8]. 


17.52 


17.53 


17.54 


17.55 


17.56 


17.57 


17.58 


17.59 


PROBLEMS 


The rotor of an electric motor has a mass of 25 kg and a radius of 
gyration of 180 mm. It is observed that 4.2 min is required for the 
rotor to coast to rest from an angular velocity of 3600 rpm. Deter- 
mine the average magnitude of the couple due to kinetic friction 
in the bearings of the motor. 


A 4000-Ib flywheel with a radius of gyration of 27 in. is allowed 
to coast to rest from an angular velocity of 450 rpm. Knowing that 
kinetic friction produces a couple of magnitude 125 lb - in., deter- 
mine the time required for the flywheel to coast to rest. 


Two disks of the same thickness and same material are attached 
to a shaft as shown. The 8-lb disk A has a radius ry = 3 in., and 
disk B has a radius rg = 4.5 in. Knowing that a couple M of mag- 
nitude 20 lb - in. is applied to disk A when the system is at rest, 
determine the time required for the angular velocity of the system 
to reach 960 rpm. 


Two disks of the same thickness and same material are attached 
to a shaft as shown. The 3-kg disk A has a radius ry = 100 mm, 
and disk B has a radius rg = 125 mm. Knowing that the angular 
velocity of the system is to be increased from 200 rpm to 800 rpm 
during a 3-s interval, determine the magnitude of the couple M 
that must be applied to disk A. 


A cylinder of radius r and weight W with an initial counterclock- 
wise angular velocity @, is placed in the corner formed by the 
floor and a vertical wall. Denoting by py, the coefficient of kinetic 
friction between the cylinder and the wall and the floor derive an 
expression for the time required for the cylinder to come to rest. 


A 3-kg cylinder of radius r = 125 mm with an initial counterclockwise 
angular velocity @) = 90 rad/s is placed in the corner formed by the 
floor and a vertical wall. Knowing that the coefficient of kinetic fric- 
tion is 0.10 between the cylinder and the wall and the floor deter- 
mine the time required for the cylinder to come to rest. 


A disk of constant thickness, initially at rest, is placed in contact 
with a belt that moves with a constant velocity v. Denoting by px 
the coefficient of kinetic friction between the disk and the belt, 
derive an expression for the time required for the disk to reach a 
constant angular velocity. 


Disk A, of weight 5 Ib and radius r = 3 in., is at rest when it is 
placed in contact with a belt which moves at a constant speed 
v = 50 ft/s. Knowing that 4, = 0.20 between the disk and the 
belt, determine the time required for the disk to reach a constant 
angular velocity. 


Fig. P17.54 and P17.55 


Fig. P17.56 and P17.58 


Fig. P17.58 and P17.59 


1111 


1112 Plane Motion of Rigid Bodies: Energy and 17.60 


Momentum Methods 


17.61 


17.62 


Fig. P17.60 


17.63 


17.64 


Fig. P17.63 and P17.64 


mrTro 17.65 


17.66 


Fig. P17.66 


The 350-kg flywheel of a small hoisting engine has a radius of 
gyration of 600 mm. If the power is cut off when the angular 
velocity of the flywheel is 100 rpm clockwise, determine the time 
required for the system to come to rest. 


In Prob. 17.60, determine the time required for the angular veloc- 
ity of the flywheel to be reduced to 40 rpm clockwise. 


A tape moves over the two drums shown. Drum A weighs 1.4 lb 
and has a radius of gyration of 0.75 in., while drum B weighs 3.5 Ib 
and has a radius of gyration of 1.25 in. In the lower portion of 
the tape the tension is constant and equal to T, = 0.75 lb. Know- 
ing that the tape is initially at rest, determine (a) the required 
constant tension T, if the velocity of the tape is to be v = 10 ft/s 
after 0.24 s, (b) the corresponding tension in the portion of the 
tape between the drums. 


—= 
T,=0.75 lb 
Fig. P17.62 


Disk B has an initial angular velocity wp when it is brought into 
contact with disk A which is at rest. Show that the final angular 
velocity of disk B depends only on wo and the ratio of the masses 
ma and mg of the two disks. 


The 7.5-lb disk A has a radius ry = 6 in. and is initially at rest. 
The 10-lb disk B has a radius rg = 8 in. and an angular velocity 
@, of 900 rpm when it is brought into contact with disk A. Neglect- 
ing friction in the bearings, determine (a) the final angular velocity 
of each disk, (b) the total impulse of the friction force exerted on 
disk A. 


Show that the system of momenta for a rigid slab in plane motion 
reduces to a single vector, and express the distance from the mass 
center G to the line of action of this vector in terms of the cen- 
troidal radius of gyration k of the slab, the magnitude v of the 
velocity of G, and the angular velocity w. 


Show that, when a rigid slab rotates about a fixed axis through O 
perpendicular to the slab, the system of the momenta of its parti- 
cles is equivalent to a single vector of magnitude mrw, perpen- 
dicular to the line OG, and applied to a point P on this line, called 
the center of percussion, at a distance GP = k?/F from the mass 
center of the slab. 


17.67 


17.68 


17.69 


17.70 


17.71 


17.72 


17.73 


Show that the sum Hy of the moments about a point A of the 
momenta of the particles of a rigid slab in plane motion is equal 
to I,@, where @ is the angular velocity of the slab at the instant 
considered and I, the moment of inertia of the slab about A, if and 
only if one of the following conditions is satisfied: (a) A is the mass 
center of the slab, (b) A is the instantaneous center of rotation, 
(c) the velocity of A is directed along a line joining point A and 
the mass center G. 


Consider a rigid slab initially at rest and subjected to an impulsive 
force F contained in the plane of the slab. We define the center 
of percussion P as the point of intersection of the line of action of 
F with the perpendicular drawn from G. (a) Show that the instan- 
taneous center of rotation C of the slab is located on line GP at a 
distance GC = k?/GP on the opposite side of G. (b) Show that if 
the center of percussion were located at C the instantaneous center 
of rotation would be located at P. 


A wheel of radius r and centroidal radius of gyration k is released 
from rest on the incline shown at time t = 0. Assuming that the 
wheel rolls without sliding, determine (a) the velocity of its center 
at time f, (b) the coefficient of static friction required to prevent 


slipping. 


A flywheel is rigidly attached to a 1.5-in.-radius shaft that rolls 
without sliding along parallel rails. Knowing that after being 
released from rest the system attains a speed of 6 in./s in 30 s, 
determine the centroidal radius of gyration of the system. 


Fig. P17.70 


The double pulley shown has a mass of 3 kg and a radius of gyra- 
tion of 100 mm. Knowing that when the pulley is at rest, a force P 
of magnitude 24 N is applied to cord B, determine (a) the velocity 
of the center of the pulley after 1.5 s, (b) the tension in cord C. 


Two uniform cylinders, each of weight W = 14 lb and radius 
r = 5 in, are connected by a belt as shown. If the system is 
released from rest when t = 0, determine (a) the velocity of the 
center of cylinder B at t = 3 s, (b) the tension in the portion of 
belt connecting the two cylinders. 


Two uniform cylinders, each of weight W = 14 Ib and radius r = 
5 in., are connected by a belt as shown. Knowing that at the instant 
shown the angular velocity of cylinder A is 30 rad/s counterclock- 
wise, determine (a) the time required for the angular velocity of 
cylinder A to be reduced to 5 rad/s, (b) the tension in the portion 
of belt connecting the two cylinders. 


Fig. P17.68 


Fig. P17.69 


Fig. P17.72 and P17.73 


Problems 
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1114 Plane Motion of Rigid Bodies: Energy and 17.74 and 17.75 A 240-mm-radius cylinder of mass 8 kg rests on a 
Momentum. Mstiods 3-kg carriage. The system is at rest when a force P of magnitude 
10 N is applied as shown for 1.2 s. Knowing that the cylinder rolls 
without sliding on the carriage and neglecting the mass of the 
wheels of the carriage, determine the resulting velocity of (a) the 
carriage, (b) the center of the cylinder. 


Fig. P17.74 Fig. P17.75 


17.76 In the gear arrangement shown, gears A and C are attached to rod 
ABC, which is free to rotate about B, while the inner gear B is 
fixed. Knowing that the system is at rest, determine the magnitude 
of the couple M which must be applied to rod ABC, if 2.5 s later 
the angular velocity of the rod is to be 240 rpm clockwise. Gears 
A and C weigh 2.5 Ib each and may be considered as disks of 

Fig. P17.76 radius 2 in.; rod ABC weighs 4 lb. 


17.77 A sphere of radius r and mass m is placed on a horizontal floor 
with no linear velocity but with a clockwise angular velocity ap. 
Denoting by wx the coefficient of kinetic friction between the 
sphere and the floor, determine (a) the time t, at which the sphere 
will start rolling without sliding, (b) the linear and angular veloci- 
ties of the sphere at time f). 


17.78 A sphere of radius r and mass m is projected along a rough 
horizontal surface with the initial velocities shown. If the final 
velocity of the sphere is to be zero, express (a) the required mag- 
nitude of wo in terms of vp and 1, (b) the time required for the 
sphere to come to rest in terms of vp and the coefficient of kinetic 
friction 1,. 


Fig. P17.77 


Fig. P17.78 


17.79 A 2.5-lb disk of radius 4 in. is attached to the yoke BCD by means 
of short shafts fitted in bearings at B and D. The 1.5-lb yoke has a 
radius of gyration of 3 in. about the x axis. Initially the assembly is 
rotating at 120 rpm with the disk in the plane of the yoke (0 = 0). 
If the disk is slightly disturbed and rotates with respect to the yoke 
until @ = 90°, where it is stopped by a small bar at D, determine 

Fig. P17.79 the final angular velocity of the assembly. 


17.80 Two panels A and B are attached with hinges to a rectangular plate 


17.81 


17.82 


and held by a wire as shown. The plate and the panels are made 
of the same material and have the same thickness. The entire assem- 
bly is rotating with an angular velocity wy when the wire breaks. 
Determine the angular velocity of the assembly after the panels 
have come to rest against the plate. 


A 1.6-kg tube AB can slide freely on rod DE which in turn can 
rotate freely in a horizontal plane. Initially the assembly is rotating 
with an angular velocity w = 5 rad/s and the tube is held in posi- 
tion by a cord. The moment of inertia of the rod and bracket about 
the vertical axis of rotation is 0.30 kg - m” and the centroidal moment 
of inertia of the tube about a vertical axis is 0.0025 kg - m”. If the 
cord suddenly breaks, determine (a) the angular velocity of the 
assembly after the tube has moved to end E, (b) the energy lost 
during the plastic impact at E. 


125mm. 375 nit E 
ie 


Fig. P17.81 


Two 0.8-lb balls are to be put successively into the center C of the 
slender 4-Ib tube AB. Knowing that when the first ball is put into 
the tube the initial angular velocity of the tube is 8 rad/s and 
neglecting the effect of friction, determine the angular velocity of 
the tube just after (a) the first ball has left the tube, (b) the second 
ball has left the tube. 


Fig. P17.82 


Fig. P17.80 


Problems 
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Fig. P17.86 


17.83 


17.84 


17.85 


17.86 


A 3-kg rod of length 800 mm can slide freely in the 240-mm 
cylinder DE, which in turn can rotate freely in a horizontal plane. 
In the position shown the assembly is rotating with an angular 
velocity of magnitude w = 40 rad/s and end B of the rod is mov- 
ing toward the cylinder at a speed of 75 mm/s relative to the cyl- 
inder. Knowing that the centroidal mass moment of inertia of the 
cylinder about a vertical axis is 0.025 kg - m? and neglecting the 
effect of friction, determine the angular velocity of the assembly 
as end B of the rod strikes end E of the cylinder. 


Fig. P17.83 


In the helicopter shown, a vertical tail propeller is used to pre- 
vent rotation of the cab as the speed of the main blades is 
changed. Assuming that the tail propeller is not operating, 
determine the final angular velocity of the cab after the speed 
of the main blades has been changed from 180 to 240 rpm. (The 
speed of the main blades is measured relative to the cab, and 
the cab has a centroidal moment of inertia of 650 Ib - ft + s. 
Each of the four main blades is assumed to be a slender 14-ft 


rod weighing 55 lb.) 


Assuming that the tail propeller in Prob. 17.84 is operating and 
that the angular velocity of the cab remains zero, determine the 
final horizontal velocity of the cab when the speed of the main 
blades is changed from 180 to 240 rpm. The cab weighs 1250 Ib 
and is initially at rest. Also determine the force exerted by the tail 
propeller if the change in speed takes place uniformly in 12 s. 


The 4-kg disk B is attached to the shaft of a motor mounted on 
plate A, which can rotate freely about the vertical shaft C. The 
motor-plate-shaft unit has a moment of inertia of 0.20 kg - m with 
respect to the axis of the shaft. If the motor is started when the 
system is at rest, determine the angular velocities of the disk and 
of the plate after the motor has attained its normal operating speed 
of 360 rpm. 


17.87 The circular platform A is fitted with a rim of 200-mm inner radius Problems 117 

and can rotate freely about the vertical shaft. It is known that the 
platform-rim unit has a mass of 5 kg and a radius of gyration of 
175 mm with respect to the shaft. At a time when the platform is 
rotating with an angular velocity of 50 rpm, a 3-kg disk B of radius 
80 mm is placed on the platform with no velocity. Knowing that disk 
B then slides until it comes to rest relative to the platform against 
the rim, determine the final angular velocity of the platform. 


200 mm 


Fig. P17.87 


17.88 A small 2-kg collar C can slide freely on a thin ring of mass 3 kg 
and radius 250 mm. The ring is welded to a short vertical shaft, 
which can rotate freely in a fixed bearing. Initially the ring has an 
angular velocity of 35 rad/s and the collar is at the top of the ring 
(0 = 0) when it is given a slight nudge. Neglecting the effect of 
friction, determine (a) the angular velocity of the ring as the collar Aa De 
passes through the position @ = 90°, (b) the corresponding velocity 
of the collar relative to the ring. Fig. P17.88 


17.89 Collar C has a mass of 8 kg and can slide freely on rod AB, which 
in turn can rotate freely in a horizontal plane. The assembly is 
rotating with an angular velocity w of 1.5 rad/s when a spring 
located between A and C is released, projecting the collar along 
the rod with an initial relative speed v, = 1.5 m/s. Knowing that 
the combined mass moment of inertia about B of the rod and 
spring is 1.2 kg - m”, determine (a) the minimum distance between 
the collar and point B in the ensuing motion, (b) the corresponding 
angular velocity of the assembly. 


CO) 


600 eA 
Fy 


Fig. P17.89 


17.90 In Prob. 17.89, determine the required magnitude of the initial 
relative speed v, if during the ensuing motion the minimum 
distance between collar C and point B is to be 300 mm. 


1118 Plane Motion of Rigid Bodies: Energy and 17.91 A 6-lb collar C is attached to a spring and can slide on rod AB, 
fomenturn: Metiods which in turn can rotate in a horizontal plane. The mass moment 
of inertia of rod AB with respect to end A is 0.35 Ib - ft « s’. The 
spring has a constant k = 15 Ib/in. and an undeformed length of 
10 in. At the instant shown the velocity of the collar relative to the 
rod is zero and the assembly is rotating with an angular velocity of 
12 rad/s. Neglecting the effect of friction, determine (a) the angular 
velocity of the assembly as the collar passes through a point located 
7.5 in. from end A of the rod, (b) the corresponding velocity of the 
collar relative to the rod. 


Fig. P17.91 


17.92 A uniform rod AB, of weight 15 lb and length 3.6 ft, is attached 
to the 25-lb cart C. Knowing that the system is released from rest 
in the position shown and neglecting friction, determine (a) the 
velocity of point B as rod AB passes through a vertical position, 

Fig. P17.92 (b) the corresponding velocity of cart C. 


17.93 In Prob. 17.83, determine the velocity of rod AB relative to cylinder 
DE as end B of the rod strikes end E of the cylinder. 


17.94 In Prob. 17.81, determine the velocity of the tube relative to the 
rod as the tube strikes end E of the assembly. 


17.95 The 6-lb steel cylinder A and the 10-lb wooden cart B are at rest 
in the position shown when the cylinder is given a slight nudge, 
causing it to roll without sliding along the top surface of the cart. 
Neglecting friction between the cart and the ground, determine 
the velocity of the cart as the cylinder passes through the lowest 

Fig. P17.95 point of the surface at C. 


17.11 IMPULSIVE MOTION 


You saw in Chap. 13 that the method of impulse and momentum is 
the only practicable method for the solution of problems involving 
the impulsive motion of a particle. Now you will find that problems 
involving the impulsive motion of a rigid body are particularly well 
suited to a solution by the method of impulse and momentum. Since 
the time interval considered in the computation of linear impulses 
and angular impulses is very short, the bodies involved can be 
assumed to occupy the same position during that time interval, mak- 
ing the computation quite simple. 


17.12 ECCENTRIC IMPACT 


In Secs. 13.13 and 13.14, you learned to solve problems of central 
impact, i.e., problems in which the mass centers of the two colliding 
bodies are located on the line of impact. You will now analyze the 
eccentric impact of two rigid bodies. Consider two bodies which col- 
lide, and denote by v, and vz the velocities before impact of the two 
points of contact A and B (Fig. 17.10a). Under the impact, the two 


Fig. 17.10 


bodies will deform, and at the end of the period of deformation, the 
velocities u, and ug of A and B will have equal components along 
the line of impact nn (Fig. 17.10b). A period of restitution will then 
take place, at the end of which A and B will have velocities v, and 
vz (Fig. 17.10c). Assuming that the bodies are frictionless, we find 
that the forces they exert on each other are directed along the line 
of impact. Denoting the magnitude of the impulse of one of these 
forces during the period of deformation by JP dt and the magnitude 
of its impulse during the period of restitution by JR dt, we recall 
that the coefficient of restitution e is defined as the ratio 


_ SRdt 
SP dt 
We propose to show that the relation established in Sec. 13.13 


between the relative velocities of two particles before and after 
impact also holds between the components along the line of impact 


é 


(17.18) 


17.12 Eccentric Impact 
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Photo 17.4 When the rotating bat contacts 
the ball it applies an impulsive force to the ball 
requiring the method of impulse and momentum 
to be used to determine the final velocities 


of the ball and bat. 


of the relative velocities of the two points of contact A and B. We 
propose to show, therefore, that 


(UB)n a (VA)n = e[(va)n a (vp)nal (17.19) 
It will first be assumed that the motion of each of the two col- 
liding bodies of Fig. 17.10 is unconstrained. Thus the only impulsive 
forces exerted on the bodies during the impact are applied at A and 
B, respectively. Consider the body to which point A belongs and 
draw the three momentum and impulse diagrams corresponding to 
the period of deformation (Fig. 17.11). We denote by v and u, 


sPdt" 


+ a 


Fig. 17.11 


respectively, the velocity of the mass center at the beginning and at 
the end of the period of deformation, and we denote by w and w* 
the angular velocity of the body at the same instants. Summing and 
equating the components of the momenta and impulses along the 
line of impact nn, we write 


mb, — JP dt = mu, (17.20) 


Summing and equating the moments about G of the momenta and 
impulses, we also write 


Iw — rfP dt = Io* (17.21) 


where r represents the perpendicular distance from G to the line of 
impact. Considering now the period of restitution, we obtain in a 
similar way 


mu, — fRdt = mvj, (17.22) 
Iw* — rfRdt =I! (17.23) 


where v’ and @’ represent, respectively, the velocity of the mass 
center and the angular velocity of the body after impact. Solving 
(17.20) and (17.22) for the two impulses and substituting into (17.18), 
and then solving (17.21) and (17.23) for the same two impulses and 
substituting again into (17.18), we obtain the following two alterna- 
tive expressions for the coefficient of restitution: 

Un — Un o* — a! 


e= = 6 —_—_— (17.24) 
Oy — Uy o- @ 


Multiplying by r the numerator and denominator of the second 
expression obtained for e, and adding respectively to the numerator 
and denominator of the first expression, we have 

u, + ra* — (vi, + ro’) 


e= (17.25) 


v, + rw — (u, + ro*) 


Observing that v,, + rw represents the component (v4), along nn of 
the velocity of the point of contact A and that, similarly, u,, + rw* 
and uv}, + rw’ represent, respectively, the components (uw), and (v4), 
we write 
(ta) n — (U4) n 
. (va)n i (ta) n Ee) 
The analysis of the motion of the second body leads to a similar 
expression for e in terms of the components along nn of the succes- 
sive velocities of point B. Recalling that (u,),, = (wg),, and eliminat- 
ing these two velocity components by a manipulation similar to the 
one used in Sec. 13.13, we obtain relation (17.19). 
If one or both of the colliding bodies is constrained to rotate 
about a fixed point O, as in the case of a compound pendulum 
(Fig. 17.12a), an impulsive reaction will be exerted at O (Fig. 17.12b). 


Fig. 17.12 


Let us verify that while their derivation must be modified, Eqs. (17.26) 
and (17.19) remain valid. Applying formula (17.16) to the period of 
deformation and to the period of restitution, we write 


Iow — rfP dt = Ipa* (17.27) 
Ipw* — rfR dt = Iga’ (17.28) 


where r represents the perpendicular distance from the fixed point 
O to the line of impact. Solving (17.27) and (17.28) for the two 
impulses and substituting into (17.18), and then observing that re, 
rw*, and rw’ represent the components along nn of the successive 
velocities of point A, we write 

oe —o' reo —re' — (ta)n — (Ada 

i = = 

o-— wo ro — ro" (VA)n ~~ (Ua)n 
and check that Eq. (17.26) still holds. Thus Eq. (17.19) remains valid 
when one or both of the colliding bodies is constrained to rotate 
about a fixed point O. 

In order to determine the velocities of the two colliding bodies 
after impact, relation (17.19) should be used in conjunction with one 
or several other equations obtained by applying the principle of 
impulse and momentum (Sample Prob. 17.10). 


17.12 Eccentric Impact 
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SAMPLE PROBLEM 17.9 


A 0.05-Ib bullet B is fired with a horizontal velocity of 1500 ft/s into the 
side of a 20-lb square panel suspended from a hinge at A. Knowing that the 
panel is initially at rest, determine (a) the angular velocity of the panel 
immediately after the bullet becomes embedded, (b) the impulsive reaction 
at A, assuming that the bullet becomes embedded in 0.0006 s. 


SOLUTION 


Principle of Impulse and Momentum. We consider the bullet and the 
panel as a single system and express that the initial momenta of the bullet 
and panel and the impulses of the external forces are together equipollent 
to the final momenta of the system. Since the time interval At = 0.0006 s 
is very short, we neglect all nonimpulsive forces and consider only the exter- 
nal impulses A, At and A, At. 


A,At 
A,At 
Ar a Ar 
G 


t 
9 in. 
14 in. th 
G a a = Ps MpVo, 
MBVB Ip@5 
Syst Momenta, + Syst Ext Imp,_,. = Syst Momenta, 
+moments about A: mpva(ts ft) + 0 = mpd(% ft) + Ipw. (1) 
+5x components: mpg + A, At = mpbo (2) 
+7y components: OF 4, AL 0 (3) 
The centroidal mass moment of inertia of the square panel is 
= Lf 20 Ua, vs 
i — ne — i ft)? = 0.2329 Ib - ft - s® 
p = gMpb =( 30.9 Ja t) Deeaitecas 
Substituting this value as well as the given data into (1) and noting that 
De = (1 ft)» 
we write 
0.05 XO 
(222) 15004) = 0.2329@. 4 Gacoe 
Ws: = 4.67 rad/s Wo = 4.67 rad/s\ << 


Dy = (3 ft)w. = (4 ft)(4.67 rad/s) = 3.50 ft/s 


Substituting v2 = 3.50 ft/s, At = 0.0006 s, and the given data into Eq. (2), 
we have 


0.05 20 
— ](1500) + A,(0.00 = on 
(23) 0) (0.0006) (#) 50) 
A, = —259 Ib A, = 259 lb<— << 
From Eq. (3), we find A 0 A,=0 < 


SAMPLE PROBLEM 17.10 


A 2-kg sphere moving horizontally to the right with an initial velocity of 
5 m/s strikes the lower end of an 8-kg rigid rod AB. The rod is suspended 
from a hinge at A and is initially at rest. Knowing that the coefficient of 
restitution between the rod and the sphere is 0.80, determine the angular 
velocity of the rod and the velocity of the sphere immediately after the 
impact. 


SOLUTION 


Principle of Impulse and Momentum. We consider the rod and sphere as 
a single system and express that the initial momenta of the rod and sphere 
and the impulses of the external forces are together equipollent to the final 
momenta of the system. We note that the only impulsive force external to 
the system is the impulsive reaction at A. 


MpVR=0 
12m To=0 (o—> = 


O 
= 


VU 


Syst Momenta, + Syst Ext Imp,_,, = Syst Momenta, 
+\moments about A: 
mo, (1.2 m) = mw! (1.2 m) + mgvk(0.6 m) + Io’ (1) 
Since the rod rotates about A, we have tp = rw’ = (0.6 m)qa’. Also, 
I = mL? = 4(8 kg)(1.2 m)? = 0.96 kg - m* 
Substituting these values and the given data into Eq. (1), we have 
(2 kg)(5 m/s)(1.2 m) = (2 kg)v{ (1.2 m) + (8 kg)(0.6 m)w'(0.6 m) 
+ (0.96 kg - m)o' 
OF AD e840) (2) 
Relative Velocities. Choosing positive to the right, we write 


, 


Up — U, = e(v, — Ug) 


Substituting v, = 5 m/s, vg = 0, and e = 0.80, we obtain 


bg — v, = 0.80(5 m/s) (3) 
Again noting that the rod rotates about A, we write 
op = (1.2 m)a’ (4) 
Solving Eqs. (2) to (4) simultaneously, we obtain 
w' = 3.21 rad/s w' = 321 rad/s) << 
v, = —0.143 m/s v, = —0.143 m/s 
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Position 2 


, 


a 
\ Be 
B D 


GB = 5 Va = 0.707a 
hg = GB sin (45° + 15°) 
= 0.6124 


—\ 


h 


i) 


atum 


Position 3 


h3 = GB = 0.707a 
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SAMPLE PROBLEM 17.11 


A square package of side a and mass m moves down a conveyor belt A with 
a constant velocity v,. At the end of the conveyor belt, the corner of the 
package strikes a rigid support at B. Assuming that the impact at B is per- 
fectly plastic, derive an expression for the smallest magnitude of the velocity 
v, for which the package will rotate about B and reach conveyor belt C. 


SOLUTION 


Principle of Impulse and Momentum. Since the impact between the 
package and the support is perfectly plastic, the package rotates about B 
during the impact. We apply the principle of impulse and momentum to 
the package and note that the only impulsive force external to the package 
is the impulsive reaction at B. 


MVo 


Syst Momenta, + Syst Ext Imp;_,. = Syst Momenta, 
+\moments about B: — (mv, )($a) + 0 = (mbo)(F$V2a) + Iws (1) 
Since the package rotates about B, we have v. 02 = , (GB), = = $V2am.. We 
substitute this expression, together with I = ema, into Eq. (1): 

(mv1)(ga) = m($V2aa2\(5V2a) + Ama? 


Principle of Conservation of Energy. We apply the principle of conserva- 
tion of energy between position 2 and position 3. 


oy = 3d. (2) 


Position 2. Vs = Why. eae that o. = $V 2aws, we write 

Ts = dmbv3 + Has = $m($V 2a)” + 
Position 3. Since the ee must reach conveyor belt C, it must pass 
through position 3 where G is directly above B. Also, since we wish to 


determine the smallest velocity for which the package will reach this posi- 
tion, we choose 03 = w3 = 0. Therefore T; = 0 and V3; = Whz. 


+ 4dma?)o} = mata! 


Conservation of Energy 


To alr Vo = T3 at V3 
xma°w3 + Why = 0 + Wh; 


3g 
@: = 5 (hs — he) = (h3 — hg) (3) 


2 2 
a 


Substituting the computed values of hz and hs into Eq. (3), we obtain 
) 3 

w3 = “8 (0.7074 — 0.612a) = “ (0.095a) = V0.285¢/a 

a a 


D) = faws = faVO0285¢/a 0, = 0.712Vga 


SOLVING PROBLEMS 
YN TOUR OWN 


r | ‘his lesson was devoted to the impulsive motion and to the eccentric impact of 


rigid bodies. 


1. Impulsive motion occurs when a rigid body is subjected to a very large force F 
for a very short interval of time At; the resulting impulse F At is both finite and 
different from zero. Such forces are referred to as impulsive forces and are encoun- 
tered whenever there is an impact between two rigid bodies. Forces for which the 
impulse is zero are referred to as nonimpulsive forces. As you saw in Chap. 13, 
the following forces can be assumed to be nonimpulsive: the weight of a body, the 
force exerted by a spring, and any other force which is known to be small by 
comparison with the impulsive forces. Unknown reactions, however, cannot be 
assumed to be nonimpulsive. 


2. Eccentric impact of rigid bodies. You saw that when two bodies collide, the 
velocity components along the line of impact of the points of contact A and B 
before and after impact satisfy the following equation: 


(UB) n _ (VA) n = e[(va)n _ (Up) nl (17.19) 


where the left-hand member is the relative velocity after the impact, and the right- 
hand member is the product of the coefficient of restitution and the relative veloc- 
ity before the impact. 


This equation expresses the same relation between the velocity components 
of the points of contact before and after an impact that you used for particles in 


Chap. 13. 


3. To solve a problem involving an impact you should use the method of impulse 
and momentum and take the following steps. 

a. Draw a free-body-diagram equation of the body that will express that 
the system consisting of the momenta immediately before impact and of the 
impulses of the external forces is equivalent to the system of the momenta imme- 
diately after impact. 

b. The free-body-diagram equation will relate the velocities before and after 
impact and the impulsive forces and reactions. In some cases, you will be able to 
determine the unknown velocities and impulsive reactions by solving equations 
obtained by summing components and moments [Sample Prob. 17.9]. 

c. In the case of an impact in which e > 0, the number of unknowns will 
be greater than the number of equations that you can write by summing compo- 
nents and moments, and you should supplement the equations obtained from the 
free-body-diagram equation with Eq. (17.19), which relates the relative velocities 
of the points of contact before and after impact [Sample Prob. 17.10]. 

d. During an impact you must use the method of impulse and momentum. 
However, before and after the impact you can, if necessary, use some of the other 
methods of solution that you have learned, such as the method of work and energy 
[Sample Prob. 17.11]. 
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PROBLEMS 


17.96 


17.97 


17.98 


17.99 


A bullet weighing 0.08 lb is fired with a horizontal velocity of 1800 ft/s 
into the lower end of a slender 15-lb bar of length L = 30 in. Know- 
ing that h = 12 in. and that the bar is initially at rest, determine 
(a) the angular velocity of the bar immediately after the bullet 
becomes embedded, (b) the impulsive reaction at C, assuming 
that the bullet becomes embedded in 0.001 s. 


ee 


Fig. P17.96 


In Prob. 17.96, determine (a) the required distance h if the impul- 
sive reaction at C is to be zero, (b) the corresponding angular 
velocity of the bar immediately after the bullet becomes 


embedded. 


A 45-g bullet is fired with a velocity of 400 m/s at 6 = 30° into a 9-kg 
square panel of side b = 200 mm. Knowing that h = 150 mm and 
that the panel is initially at rest, determine (q) the velocity of the 
center of the panel immediately after the bullet becomes embedded, 
(b) the impulsive reaction at A, assuming that the bullet becomes 


embedded in 2 ms. 
Gh, 


all 


|~___ g» __ | 


b ——>+ 


Fig. P17.98 and P17.99 


A 45-g bullet is fired with a velocity of 400 m/s at @ = 5° into a 9-kg 
square panel of side b = 200 mm. Knowing that h = 150 mm and 
that the panel is initially at rest, determine (a) the required distance 
h if the horizontal component of the impulsive reaction at A is to be 
zero, (b) the corresponding velocity of the center of the panel imme- 
diately after the bullet becomes embedded. 


17.100 


17.101 


17.102 


17.103 


An 8-kg wooden panel is suspended from a pin support at A and 
is initially at rest. A 2-kg metal sphere is released from rest at B 
and falls into a hemispherical cup C attached to the panel at a 
point located on its top edge. Assuming that the impact is perfectly 
plastic, determine the velocity of the mass center G of the panel 
immediately after the impact. 


An 8-kg wooden panel is suspended from a pin support at A and 
is initially at rest. A 2-kg metal sphere is released from rest at B’ 
and falls into a hemispherical cup C’ attached to the panel at the 
same level as the mass center G. Assuming that the impact is 
pertectly plastic, determine the velocity of the mass center G of 
the panel immediately after the impact. 


The gear shown has a radius R = 150 mm and a radius of gyration 
k = 125 mm. The gear is rolling without sliding with a velocity v, 
of magnitude 3 m/s when it strikes a step of height h = 75 mm. 
Because the edge of the step engages the gear teeth, no slipping 
occurs between the gear and the step. Assuming perfectly plastic 
impact, determine the angular velocity of the gear immediately after 
the impact. 


Fig. P17.102 


A uniform slender rod AB of mass m is at rest on a frictionless 
horizontal surface when hook C engages a small pin at A. Knowing 
that the hook is pulled upward with a constant velocity vo, deter- 
mine the impulse exerted on the rod (a) at A, (b) at B. Assume 
that the velocity of the hook is unchanged and that the impact is 
perfectly plastic. 


Fig. P17.103 


Problems 
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Fig. P17.100 and P17.101 
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1128 Plane Motion of Rigid Bodies: Energy and 17.104 A uniform slender bar of length L and mass m is supported by a 
Momentum: Mstiods frictionless horizontal table. Initially the bar is spinning about its 
mass center G with a constant angular velocity «,. Suddenly latch 
D is moved to the right and is struck by end A of the bar. Assum- 
ing that the impact of A and D is perfectly plastic, determine the 
angular velocity of the bar and the velocity of its mass center 
immediately after the impact. 


Fig. P17.104 


17.105 Solve Prob. 17.104, assuming that the impact of A and D is per- 
fectly elastic. 


« L >| 3 17.106 A uniform slender rod of length L is dropped onto rigid supports 

A » | at A and B. Since support B is slightly lower than support A, the 
i B = rod strikes A with a velocity v, before it strikes B. Assuming per- 

fectly elastic impact at both A and B, determine the angular veloc- 


ity of the rod and the velocity of its mass center immediately after 
the rod (a) strikes support A, (b) strikes support B, (c) again strikes 
Fig. P17.106 support A. 


17.107 A uniform slender rod AB is at rest on a frictionless horizontal 
table when end A of the rod is struck by a hammer which delivers 
an impulse that is perpendicular to the rod. In the subsequent 
motion, determine the distance b through which the rod will move 
each time it completes a full revolution. 


Fig. P17.107 


17.108 


A uniform sphere of radius r rolls down the incline shown without 
slipping. It hits a horizontal surface and, after slipping for a while, 
it starts rolling again. Assuming that the sphere does not bounce 
as it hits the horizontal surface, determine its angular velocity and 
the velocity of its mass center after it has resumed rolling. 


Fig. P17.108 


17.109 The slender rod AB of length L forms an angle B with the vertical 


17.110 


17.117 


as it strikes the frictionless surface shown with a vertical velocity 
v, and no angular velocity. Assuming that the impact is perfectly 
elastic, derive an expression for the angular velocity of the rod 
immediately after the impact. 


Fig. P17.109 


Solve Prob. 17.109, assuming that the impact between rod AB and 
the frictionless surface is perfectly plastic. 


A uniformly loaded rectangular crate is released from rest in the 
position shown. Assuming that the floor is sufficiently rough to 
prevent slipping and that the impact at B is perfectly plastic, deter- 
mine the smallest value of the ratio a/b for which corner A will 
remain in contact with the floor. 


“Ben 


Fig. P17.111 


Problems 
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] 130 Plane Motion of Rigid Bodies: Energy and 17.112 
Momentum Methods 


Fig. P17.112 


~ L >| 17.114 
sf 
A@ e 
~~, 17.115 
30° 


Fig. P17.114 


17.116 


Fig. P17.116 


and 17.113 A uniform slender rod AB of length L is falling 
freely with a velocity vp when cord AC suddenly becomes taut. 
Assuming that the impact is perfectly plastic, determine the angu- 
lar velocity of the rod and the velocity of its mass center immedi- 
ately after the cord becomes taut. 


Vo 


Fig. P17.113 


A slender rod of length L and mass m is released from rest in the 
position shown. It is observed that after the rod strikes the vertical 
surface it rebounds to form an angle of 30° with the vertical. 
(a) Determine the coefficient of restitution between knob K and 
the surface. (b) Show that the same rebound can be expected for 
any position of knob K. 


The uniform rectangular block shown is moving along a friction- 
less surface with a velocity v, when it strikes a small obstruction 
at B. Assuming that the impact between corner A and obstruction 
B is perfectly plastic, determine the magnitude of the velocity v, 
for which the maximum angle @ through which the block will 
rotate is 30°. 


Fig. P17.115 


A slender rod of mass m and length L is released from rest in the 
position shown and hits edge D. Assuming perfectly plastic impact 
at D, determine for b = 0.6L, (a) the angular velocity of the rod 
immediately after the impact, (b) the maximum angle through 
which the rod will rotate after the impact. 


17.117 


17.118 


17.119 


17.120 


17.121 


17.122 


A 30-g bullet is fired with a horizontal velocity of 350 m/s into the 
8-kg wooden beam AB. The beam is suspended from a collar of 
negligible mass that can slide along a horizontal rod. Neglecting 
friction between the collar and the rod, determine the maximum 
angle of rotation of the beam during its subsequent motion. 


For the beam of Prob. 17.117, determine the velocity of the 30-g 
bullet for which the maximum angle of rotation of the beam will 


be 90°. 


A uniformly loaded square crate is released from rest with its corner 
D directly above A; it rotates about A until its corner B strikes the 
floor, and then rotates about B. The floor is sufficiently rough to 
prevent slipping and the impact at B is perfectly plastic. Denoting 
by @o the angular velocity of the crate immediately before B strikes 
the floor, determine (a) the angular velocity of the crate immediately 
after B strikes the floor, (b) the fraction of the kinetic energy of the 
crate lost during the impact, (c) the angle @ through which the crate 
will rotate after B strikes the floor. 


Fig. P17.119 


A uniform slender rod AB of length L = 30 in. is placed with its 
center equidistant from two supports that are located at a distance 
b = 5 in. from each other. End B of the rod is raised a distance 
ho = 4 in. and released; the rod then rocks on the supports as 
shown. Assuming that the impact at each support is perfectly plas- 
tic and that no slipping occurs between the rod and the supports, 
determine (a) the height h; reached by end A after the first impact, 
(b) the height hy reached by end B after the second impact. 


CLy.| DP 


Fig. P17.120 


A small plate B is attached to a cord that is wrapped around a 
uniform 8-Ib disk of radius R = 9 in. A 3-Ib collar A is released 
from rest and falls through a distance h = 15 in. before hitting 
plate B. Assuming that the impact is perfectly plastic and neglect- 
ing the weight of the plate, determine immediately after the impact 
(a) the velocity of the collar, (b) the angular velocity of the disk. 


Solve Prob. 17.121, assuming that the coefficient of restitution 
between A and B is 0.8. 


Fig. P17.117 


Fig. P17.121 


Problems 
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1132 Plane Motion of Rigid Bodies: Energy and 


Momentum Methods 


ee oe a 


Fig. P17.125 


Fig. P17.127 


17.123 


17.124 


17.125 


17.126 


17.127 


A slender rod AB is released from rest in the position shown. It 
swings down to a vertical position and strikes a second and identi- 
cal rod CD which is resting on a frictionless surface. Assuming 
that the coefficient of restitution between the rods is 0.5, deter- 
mine the velocity of rod CD immediately after the impact. 


Fig. P17.123 


Solve Prob. 17.123, assuming that the impact between the rods is 
perfectly elastic. 


The plank CDE has a mass of 15 kg and rests on a small pivot at D. 
The 55-kg gymnast A is standing on the plank at C when the 70-kg 
gymnast B jumps from a height of 2.5 m and strikes the plank at 
E. Assuming perfectly plastic impact and that gymnast A is stand- 
ing absolutely straight, determine the height to which gymnast A 
will rise. 


Solve Prob. 17.125, assuming that the gymnasts change places 
so that gymnast A jumps onto the plank while gymnast B stands 
at C. 


and 17.128 Member ABC has a mass of 2.4 kg and is attached 
to a pin support at B. An 800-g sphere D strikes the end of member 
ABC with a vertical velocity v, of 3 m/s. Knowing that L = 750 mm 
and that the coefficient of restitution between the sphere and 
member ABC is 0.5, determine immediately after the impact 
(a) the angular velocity of member ABC, (b) the velocity of the 
sphere. 


Fig. P17.128 


17.129 


17.130 


17.131 


A slender rod CDE of length L and mass m is attached to a pin 
support at its midpoint D. A second and identical rod AB is rotat- 
ing about a pin support at A with an angular velocity @ when its 
end B strikes end C of rod CDE. Denoting by e the coefficient of 
restitution between the rods, determine the angular velocity of 
each rod immediately after the impact. 


Q@) 


7 B D 
Cl ° E 


Fig. P17.129 


The 5-Ib slender rod AB is released from rest in the position shown 
and swings to a vertical position where it strikes the 3-lb slender 
rod CD. Knowing that the coefficient of restitution between the 
knob K attached to rod AB and rod CD is 0.8, determine the 
maximum angle 6,, through which rod CD will rotate after 
the impact. 


30 in. "| 


Fig. P17.130 


Sphere A of mass m and radius r rolls without slipping with a 
velocity v; on a horizontal surface when it hits squarely an identical 
sphere B that is at rest. Denoting by py the coefficient of kinetic 
friction between the spheres and the surface, neglecting friction 
between the spheres, and assuming perfectly elastic impact, deter- 
mine (a) the linear and angular velocities of each sphere immedi- 
ately after the impact, (b) the velocity of each sphere after it has 
started rolling uniformly. 


Fig. P17.131 


Problems 
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1134 Plane Motion of Rigid Bodies: Energy and 17.132 A small rubber ball of radius r is thrown against a rough floor with 
Momentum saainods a velocity v4 of magnitude vy and a backspin w, of magnitude wo. 
It is observed that the ball bounces from A to B, then from B to 
A, then from A to B, etc. Assuming perfectly elastic impact, deter- 
mine the required magnitude wy of the backspin in terms of Uo 
and r. 


Fig. P17.132 


17.133 In a game of pool, ball A is rolling without slipping with a velocity 
Vo as it hits obliquely ball B, which is at rest. Denoting by r the 
radius of each ball and by pu, the coefficient of kinetic friction 
between the balls, and assuming perfectly elastic impact, deter- 
mine (a) the linear and angular velocity of each ball immediately 
after the impact, (b) the velocity of ball B after it has started rolling 
uniformly. 


Fig. P17.133 


*17.134 Each of the bars AB and BC is of length L = 15 in. and weight 
W = 2.5 lb. Determine the angular velocity of each bar immedi- 
ately after the impulse QAt = (0.30 lb - s)i is applied at C. 


L 


Q At Jt 
C 


Fig. P17.134 


REVIEW AND SUMMARY 


In this chapter we again considered the method of work and energy 
and the method of impulse and momentum. In the first part of the 
chapter we studied the method of work and energy and its applica- 
tion to the analysis of the motion of rigid bodies and systems of rigid 


bodies. 


In Sec. 17.2, we first expressed the principle of work and energy for Principle of work and energy 
a rigid body in the form for a rigid body 


T) + U\_,2 = T> (17.1) 


where T, and Ty, represent the initial and final values of the kinetic 
energy of the rigid body and U,_,2 represents the work of the external 
forces acting on the rigid body. 


In Sec. 17.3, we recalled the expression found in Chap. 13 for the Work of a force or a couple 
work of a force F applied at a point A, namely 


Us =| (F cos a) ds (17.3’) 
where F was the magnitude of the force, a the angle it formed with 
the direction of motion of A, and s the variable of integration mea- 
suring the distance traveled by A along its path. We also derived the 
expression for the work of a couple of moment M applied to a rigid 
body during a rotation in 6 of the rigid body: 


92 
0 


1 


We then derived an expression for the kinetic energy of a rigid body Kinetic energy in plane motion 
in plane motion [Sec. 17.4]. We wrote 


T = 4mv° + $a” (17.9) 


where t is the velocity of the mass center G of the body, w is the 
angular velocity of the body, and I is its moment of inertia about an 
axis through G perpendicular to the plane of reference (Fig. 17.13) 
[Sample Prob. 17.3]. We noted that the kinetic energy of a rigid body 
in plane motion can be separated into two parts: (1) the kinetic 
energy 3m associated with the motion of the mass center G of the 
body, and (2) the kinetic energy 51 w” associated with the rotation of 
the body about G. Fig. 17.13 
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1136 Plane Motion of Rigid Bodies: Energy and 


Momentum Methods 


Kinetic energy in rotation 


Systems of rigid bodies 


Conservation of energy 


Power 


Principle of impulse and momentum 
for a rigid body 


For a rigid body rotating about a fixed axis through O with an angular 
velocity @, we had 


T = iIow" (17.10) 


where I, was the moment of inertia of the body about the fixed axis. 
We noted that the result obtained is not limited to the rotation of 
plane slabs or of bodies symmetrical with respect to the reference 
plane, but is valid regardless of the shape of the body or of the loca- 
tion of the axis of rotation. 


Equation (17.1) can be applied to the motion of systems of rigid 
bodies [Sec. 17.5] as long as all the forces acting on the various bod- 
ies involved—internal as well as external to the system—are included 
in the computation of U,_,2. However, in the case of systems consist- 
ing of pin-connected members, or blocks and pulleys connected by 
inextensible cords, or meshed gears, the points of application of the 
internal forces move through equal distances and the work of these 
forces cancels out [Sample Probs. 17.1 and 17.2]. 


When a rigid body, or a system of rigid bodies, moves under the 
action of conservative forces, the principle of work and energy can 
be expressed in the form 


T, + V1 = Te + Vo (17.12) 


which is referred to as the principle of conservation of energy [Sec. 
17.6]. This principle can be used to solve problems involving conser- 
vative forces such as the force of gravity or the force exerted by a 
spring [Sample Probs. 17.4 and 17.5]. However, when a reaction is 
to be determined, the principle of conservation of energy must be 
supplemented by the application of d’Alembert’s principle [Sample 
Prob. 17.4]. 


In Sec. 17.7, we extended the concept of power to a rotating body 
subjected to a couple, writing 
dU _ Mdé 
Power EP a Mo (17.13) 
where M is the magnitude of the couple and w the angular velocity 


of the body. 


The middle part of the chapter was devoted to the method of 
impulse and momentum and its application to the solution of various 
types of problems involving the plane motion of rigid slabs and rigid 
bodies symmetrical with respect to the reference plane. 


We first recalled the principle of impulse and momentum as it was 
derived in Sec. 14.9 for a system of particles and applied it to the 
motion of a rigid body [Sec. 17.8]. We wrote 


Syst Momenta, + Syst Ext Imp,_.. = Syst Momenta, (17.14) 


Next we showed that for a rigid slab or a rigid body symmetrical with 
respect to the reference plane, the system of the momenta of the 
particles forming the body is equivalent to a vector mv attached at the 
mass center G of the body and a couple Iw (Fig. 17.14). The vector 


(Am)v 


Fig. 17.14 


mv is associated with the translation of the body with G and repre- 
sents the linear momentum of the body, while the couple I@ corre- 
sponds to the rotation of the body about G and represents the 
angular momentum of the body about an axis through G. 

Equation (17.14) can be expressed graphically as shown in Fig. 
17.15 by drawing three diagrams representing respectively the system 
of the initial momenta of the body, the impulses of the external forces 
acting on the body, and the system of the final momenta of the body. 


mv, 


Review and Summary 


Summing and equating respectively the x components, the y compo- 
nents, and the moments about any given point of the vectors shown 
in that figure, we obtain three equations of motion which can be 
solved for the desired unknowns [Sample Probs. 17.6 and 17.7]. 

In problems dealing with several connected rigid bodies [Sec. 
17.9], each body can be considered separately [Sample Prob. 17.6], or, 
if no more than three unknowns are involved, the principle of impulse 
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and momentum can be applied to the entire system, considering the 
impulses of the external forces only [Sample Prob. 17.8]. 


When the lines of action of all the external forces acting on a system 
of rigid bodies pass through a given point O, the angular momentum 
of the system about O is conserved [Sec. 17.10]. It was suggested 
that problems involving conservation of angular momentum be solved 
by the general method described above [Sample Prob. 17.8]. 


The last part of the chapter was devoted to the impulsive motion and 
the eccentric impact of rigid bodies. In Sec. 17.11, we recalled that 
the method of impulse and momentum is the only practicable method 
for the solution of problems involving impulsive motion and that the 
computation of impulses in such problems is particularly simple 
[Sample Prob. 17.9]. 


In Sec. 17.12, we recalled that the eccentric impact of two rigid 
bodies is defined as an impact in which the mass centers of the col- 
liding bodies are not located on the line of impact. It was shown that 
in such a situation a relation similar to that derived in Chap. 13 for 
the central impact of two particles and involving the coefficient of 
restitution e still holds, but that the velocities of points A and B where 
contact occurs during the impact should be used. We have 


(UB) n _ (O/a)n = el(va)n > (vp)n (17.19) 


where (vq), and (vg), are the components along the line of impact 
of the velocities of A and B before the impact, and (v4), and (vg), 
are their components after the impact (Fig. 17.16). Equation (17.19) 


n VA 


(a) Before impact (b) After impact 
Fig. 17.16 


is applicable not only when the colliding bodies move freely after the 
impact but also when the bodies are partially constrained in their 
motion. It should be used in conjunction with one or several other 
equations obtained by applying the principle of impulse and momen- 
tum [Sample Prob. 17.10]. We also considered problems where the 
method of impulse and momentum and the method of work and 
energy can be combined [Sample Prob. 17.11]. 


REVIEW PROBLEMS 


17.135 The motion of the slender 250-mm rod AB is guided by pins at A 
and B that slide freely in slots cut in a vertical plate as shown. 
Knowing that the rod has a mass of 2 kg and is released from rest 
when 6 = 0, determine the reactions at A and B when @ = 90°. 


17.136 A uniform disk of constant thickness and initially at rest is placed in 
contact with the belt shown, which moves at a constant speed vu = 
25 m/s. Knowing that the coefficient of kinetic friction between the 
disk and the belt is 0.15, determine (a) the number of revolutions 
executed by the disk before it reaches a constant angular velocity, 
(b) the time required for the disk to reach that constant angular 
velocity. 


ee Fig. P17.135 


Fig. P17.136 


17.137 Solve Prob. 17.136, assuming that the direction of motion of the 
belt is reversed. 


17.138 A uniform slender rod is placed at corner B and is given a slight 
clockwise motion. Assuming that the corner is sharp and becomes 
slightly embedded in the end of the rod, so that the coefficient of 
static friction at B is very large, determine (a) the angle B through 
which the rod will have rotated when it loses contact with the cor- 
ner, (b) the corresponding velocity of end A. 


A 


Fig. P17.138 
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8 in. 


Fig. P17.143 


17.139 


A 35-g bullet B is fired with a velocity of 400 m/s into the side of 
a 3-kg square panel suspended as shown from a pin at A. Knowing 
that the panel is initially at rest, determine the components of the 
reaction at A after the panel has rotated 90°. 


N 
500 mm \ 


Fig. P17.139 


17.140 A square block of mass m is falling with a velocity v,; when it 


17.141 


17,142 


17.143 


strikes a small obstruction at B. Assuming that the impact between 
corner A and the obstruction B is perfectly plastic, determine 
immediately after the impact (a) the angular velocity of the block 
(b) the velocity of its mass center G. 


Solve Prob. 17.140, assuming that the impact between corner A 
and the obstruction B is perfectly elastic. 


A 3-kg bar AB is attached by a pin at D to a 4-kg square plate, 
which can rotate freely about a vertical axis. Knowing that the 
angular velocity of the plate is 120 rpm when the bar is vertical, 
determine (a) the angular velocity of the plate after the bar has 
swung into a horizontal position and has come to rest against 
pin C, (b) the energy lost during the plastic impact at C. 


500 mm 


Fig. P17.142 


A 6 X 8-in. rectangular plate is suspended by pins at A and B. The 
pin at B is removed and the plate swings freely about pin A. Deter- 
mine (a) the angular velocity of the plate after it has rotated through 
90°, (b) the maximum angular velocity attained by the plate as it 
swings freely. 


17.144 Disks A and B are made of the same material and are of the same 
thickness; they can rotate freely about the vertical shaft. Disk B is 
at rest when it is dropped onto disk A, which is rotating with an 
angular velocity of 500 rpm. Knowing that disk A weighs 18 Ib, 
determine (a) the final angular velocity of the disks, (b) the change 
in kinetic energy of the system. 


Fig. P17.144 


17.145 At what height h above its center G should a billiard ball of radius r 
be struck horizontally by a cue if the ball is to start rolling without 
sliding? 


Fig. P17.145 


17.146 A large 3-lb sphere with a radius r = 3 in. is thrown into a light 
basket at the end of a thin, uniform rod weighing 2 lb and length 
L = 10 in. as shown. Immediately before the impact the angular 
velocity of the rod is 3 rad/s counterclockwise and the velocity of 
the sphere is 2 ft/s down. Assume the sphere sticks in the basket. 
Determine after the impact (a) the angular velocity of the bar and 
sphere, (b) the components of the reactions at A. 


Fig. P17.146 
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COMPUTER PROBLEMS 


y 17.C1_ Rod AB has a mass of 3 kg and is attached at A to a 5-kg cart C. 
Knowing that the system is released from rest when 8 = 30° and neglecting 
friction, use computational software to determine the velocity of the cart 
and the velocity of end B of the rod for values of @ from +30° to —90°. 
Determine the value of 6 for which the velocity of the cart to the left is 
maximum and the corresponding value of the velocity. 


17.€2 The uniform slender rod AB of length L = 800 mm and mass 5 kg 
rests on a small wheel at D and is attached to a collar of negligible mass 
that can slide freely on the vertical rod EF, Knowing that a = 200 mm 
and that the rod is released from rest when @ = 0, use computational soft- 
Fig. P17.C1 ware to calculate and plot the angular velocity of the rod and the velocity 
of end A for values of @ from 0 to 50°. Determine the maximum angular 
velocity of the rod and the corresponding value of 6. 


Ja 


Fig. P17.C2 


17.€3 A uniform 10-in.-radius sphere rolls over a series of parallel hori- 
zontal bars equally spaced at a distance d. As it rotates without slipping 
about a given bar, the sphere strikes the next bar and starts rotating about 
that bar without slipping, until it strikes the next bar, and so on. Assuming 
perfectly plastic impact and knowing that the sphere has an angular velocity 
@, of 1.5 rad/s as its mass center G is directly above bar A, use computa- 
tional software to calculate values of the spacing d from 1 to 6 in. (a) the 
angular velocity «, of the sphere as G passes directly above bar B, (b) the 
number of bars over which the sphere will roll after leaving bar A. 


A B A B A B 


edeled-| [edefea-| LaLa] 
Fig. ae i : 
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17.€4 Collar C has a mass of 2.5 kg and can slide without friction on 
rod AB. A spring of constant 750 N/m and an unstretched length rp = 
500 mm is attached as shown to the collar and to the hub B. The total mass 
moment of inertia of the rod, hub, and spring is known to be 0.3 kg - m 
about B. Initially the collar is held at a distance of 500 mm from the axis 
of rotation by a small pin protruding from the rod. The pin is suddenly 
removed as the assembly is rotating in a horizontal plane with an angular 
velocity wo of 10 rad/s. Denoting by r the distance of the collar from the 
axis of rotation, use computational software to calculate and plot the angular 
velocity of the assembly and the velocity of the collar relative to the rod for 
values of r from 500 to 700 mm. Determine the maximum value of r in the 
ensuing motion. 


A 
Fig. P17.C4 


17.C5 Each of the two identical slender bars shown has a length L = 30 in. 
Knowing that the system is released from rest when the bars are horizontal, 
use computational software to calculate and plot the angular velocity of rod 
AB and the velocity of point D for values of 6 from 0 to 90°. 


Fig. P17.C5 
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While the general principles that you 
learned in earlier chapters can be used 
again to solve problems involving the 
three-dimensional motion of rigid 
bodies, the solution of these problems 
requires a new approach and is 
considerably more involved than the 
solution of two-dimensional problems. 
One example is the determination of 
the forces acting on the space shuttle’s 


robotic arm. 


Ch) Are i GR 


DB c | ase 
= ™ ah eZ _ > 
; s We ‘ | amy %& 
wPAGAW | Pe ) 
hw ww ww . ‘ 


1etics of Rigi 1S 
in Three Dir mensions 


18.1 
18.2 


18.3 


18.4 
18.5 


18.6 


18.7 
18.8 
18.9 
18.10 


18.11 


1146 


Chapter 18 Kinetics of Rigid 
Bodies in Three Dimensions 


Introduction 

Angular Momentum of a Rigid 
Body in Three Dimensions 
Application of the Principle of 
Impulse and Momentum to the 
Three-Dimensional Motion of a 
Rigid Body 

Kinetic Energy of a Rigid Body 
in Three Dimensions 

Motion of a Rigid Body in Three 
Dimensions 

Euler’s Equations of Motion. 
Extension of D’Alembert’s 
Principle to the Motion of a Rigid 
Body in Three Dimensions 
Motion of a Rigid Body about a 
Fixed Point 

Rotation of a Rigid Body about a 
Fixed Axis 

Motion of a Gyroscope. Eulerian 
Angles 

Steady Precession of a 
Gyroscope 

Motion of an Axisymmetrical 
Body under No Force 


*18.1 INTRODUCTION 


In Chaps. 16 and 17 we were concerned with the plane motion of 
rigid bodies and of systems of rigid bodies. In Chap. 16 and in the 
second half of Chap. 17 (momentum method), our study was further 
restricted to that of plane slabs and of bodies symmetrical with 
respect to the reference plane. However, many of the fundamental 
results obtained in these two chapters remain valid in the case of the 
motion of a rigid body in three dimensions. 
For example, the two fundamental equations 


=F = ma 


(18.1) 
(18.2) 


on which the analysis of the plane motion of a rigid body was based, 
remain valid in the most general case of motion of a rigid body. As 
indicated in Sec. 16.2, these equations express that the system of the 
external forces is equipollent to the system consisting of the vector 
ma attached at G and the couple of moment Hg (Fig. 18.1). However, 


ma 


Fy 
Fig. 18.1 


the relation Hg = Iw, which enabled us to determine the angular 
momentum of a rigid slab and which played an important part in the 
solution of problems involving the plane motion of slabs and bodies 
symmetrical with respect to the reference plane, ceases to be valid 
in the case of nonsymmetrical bodies or three-dimensional motion. 
Thus in the first part of the chapter, in Sec. 18.2, a more general 
method for computing the angular momentum He of a rigid body 
in three dimensions will be developed. 

Similarly, although the main feature of the impulse-momentum 
method discussed in Sec. 17.7, namely, the reduction of the momenta 
of the particles of a rigid body to a linear momentum vector mv 
attached at the mass center G of the body and an angular momentum 
couple Hg, remains valid, the relation He = Iw must be discarded 
and replaced by the more general relation developed in Sec. 18.2 
before this method can be applied to the three-dimensional motion 
of a rigid body (Sec. 18.3). 

We also note that the work-energy principle (Sec. 17.2) and the 
principle of conservation of energy (Sec. 17.6) still apply in the case 


of the motion of a rigid body in three dimensions. However, the 
expression obtained in Sec. 17.4 for the kinetic energy of a rigid body 
in plane motion will be replaced by a new expression developed in 
Sec. 18.4 for a rigid body in three-dimensional motion. 

In the second part of the chapter, you will first learn to deter- 
mine the rate of change Hg of the angular momentum Hg of a 
three-dimensional rigid body, using a rotating frame of reference 
with respect to which the moments and products of inertia of the 
body remain constant (Sec. 18.5). Equations (18.1) and (18.2) will 
then be expressed in the form of free-body-diagram equations, which 
can be used to solve various problems involving the three-dimensional 
motion of rigid bodies (Secs. 18.6 through 18.8). 

The last part of the chapter (Secs. 18.9 through 18.11) is 
devoted to the study of the motion of the gyroscope or, more gener- 
ally, of an axisymmetrical body with a fixed point located on its axis 
of symmetry. In Sec. 18.10, the particular case of the steady preces- 
sion of a gyroscope will be considered, and, in Sec. 18.11, the motion 
of an axisymmetrical body subjected to no force, except its own 
weight, will be analyzed. 


*18.2 ANGULAR MOMENTUM OF A RIGID BODY 
IN THREE DIMENSIONS 


In this section you will see how the angular momentum Hg of a body 
about its mass center G can be determined from the angular velocity 
w of the body in the case of three-dimensional motion. 
According to Eq. (14.24), the angular momentum of the body 
about G can be expressed as 
Hg = > (x, X vi Am;) (18.3) 


i=1 


where r; and vj denote, respectively, the position vector and the 
velocity of the particle P;, of mass Am,, relative to the centroidal 
frame Gxyz (Fig. 18.2). But v; = w X rj, where w is the angular 


Fig. 18.2 
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velocity of the body at the instant considered. Substituting into 
(18.3), we have 


He = » [x x (w Xx r') Am;] 
i=1 


Recalling the rule for determining the rectangular components of a 
vector product (Sec. 3.5), we obtain the following expression for the 
x component of the angular momentum: 


Hy, = > [yi(@ X rj). — zi(@ X rj)y) Am; 


= Ss [y(@,y; a @,X;) — 2i(@X; — @,%;)] Am; 


1=1 


2 2 
=a >, Ys F 2) Amy — a, > xy; Am; — w, y za; Am; 
i i 


i 


Replacing the sums by integrals in this expression and in the two 
similar expressions which are obtained for H, and H., we have 


H, = o,J(y? + 2”) dm — w,Jxy dm — w.fzx dm 
H, = —o,Jxy dm + J (° + x*) dm — w.Jyz dm (18.4) 
H, = —a,fzx dm — w,Syz dm + w.J(x° + y°) dm 


We note that the integrals containing squares represent the centroi- 
dal mass moments of inertia of the body about the x, y, and z axes, 
respectively (Sec. 9.11); we have 


I, = Sly’ + 2°) dm I, = Si +x") dm 
- (18.5) 
I, = fie + y) dm 


Similarly, the integrals containing products of coordinates represent 
the centroidal mass products of inertia of the body (Sec. 9.16); we 
have 


La = fxy dm Tyc= S yz dm L,= fzdm (18.6) 


Substituting from (18.5) and (18.6) into (18.4), we obtain the com- 
ponents of the angular momentum Hg of the body about its mass 
center: 


bh, = lh, Oe = {Oy — LO: 


axyy 
1d DO get Ly OY, alle 6), (18.7) 
El Oe Oy et er 


The relations (18.7) show that the operation which transforms 
the vector w into the vector Hg (Fig. 18.3) is characterized by the 
array of moments and products of inertia 


(18.8) 


The array (18.8) defines the inertia tensor of the body at its mass 
center G.t A new array of moments and products of inertia would 
be obtained if a different system of axes were used. The transforma- 
tion characterized by this new array, however, would still be the 
same. Clearly, the angular momentum He corresponding to a given 
angular velocity @ is independent of the choice of the coordinate 
axes. As was shown in Secs. 9.17 and 9.18, it is always possible to 
select a system of axes Gx'y'z’, called principal axes of inertia, with 
respect to which all the products of inertia of a given body are zero. 
The array (18.8) takes then the diagonalized form 


I, 0 0 
0 I, 0 (18.9) 
0 0 LL, 


where I», Iy, I, represent the principal centroidal moments of iner- 
tia of the body, and the relations (18.7) reduce to 


(18.10) 


__We note that if the three principal centroidal moments of inertia 
Iy, Iy, Iz are equal, the components Hy, Hy, H. of the angular 
momentum about G are proportional to the components a, @,, 
of the angular velocity, and the vectors Hg and @ are collinear. In 
general, however, the principal moments of inertia will be different, 
and the vectors Hg and w will have different directions, except when 
two of the three components of w happen to be zero, i.e., when @ is 
directed along one of the coordinate axes. Thus, the angular momentum 
Hg of a rigid body and its angular velocity @ have the same direction 
if, and only if, @ is directed along a principal axis of inertia.+ 


tSetting Lea I, Ino, L, = I33, and Lig Tio, —I,, = Ij3, etc., we may write the 
inertia tensor (18.8) in the standard form 


Ty Tg Tig 
Ty Tyg Ig3 
Ts) T9 133 


Denoting by H,, Hz, H; the components of the angular momentum He and by @, ws, 3 
the components of the angular velocity @, we can write the relations (18.7) in the form 


Hy = > Tyo; 
Jj 
where i and j take the values 1, 2, 3. The quantities Ij are said to be the components of the 


inertia tensor. Since I; = J;;, the inertia tensor is a symmetric tensor of the second order. 


{In the particular case when I, = I, y= T,, any line through G can be considered as a 
principal axis of inertia, and the vectors Hg and @ are always collinear. 
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Photo 18.1 The design of a robotic welder 
for an automobile assembly line requires 

a three-dimensional study of both kinematics 
and kinetics. 


Since this condition is satisfied in the case of the plane motion of a 
rigid body symmetrical with respect to the reference plane, we were 
able in Secs. 16.3 and 17.8 to represent the angular momentum Hg 
of such a body by the vector Iw. We must realize, however, that this 
result cannot be extended to the case of the plane motion of a non- 
symmetrical body, or to the case of the three-dimensional motion of 
a rigid body. Except when w happens to be directed along a principal 
axis of inertia, the angular momentum and angular velocity of a rigid 
body have different directions, and the relation (18.7) or (18.10) 
must be used to determine Hg from w. 


Reduction of the Momenta of the Particles of a Rigid Body to 
a Momentum Vector and a Couple at G. We saw in Sec. 17.8 
that the system formed by the momenta of the various particles of 
a rigid body can be reduced to a vector L attached at the mass center 
G of the body, representing the linear momentum of the body, and 
to a couple Hg, representing the angular momentum of the body 
about G (Fig. 18.4). We are now in a position to determine the vector L 


Ab L=emv 


and the couple Hg in the most general case of three-dimensional 
motion of a rigid body. As in the case of the two-dimensional motion 
considered in Sec. 17.8, the linear momentum L of the body is equal to 
the product mv of its mass m and the velocity v of its mass center G. 
The angular momentum He, however, can no longer be obtained by 
simply multiplying the angular velocity w of the body by the scalar 
I; it must now be obtained from the components of @ and from the 
centroidal moments and products of inertia of the body through the 
use of Eq. (18.7) or (18.10). 

We should also note that once the linear momentum mv and 
the angular momentum Hg of a rigid body have been determined, 
its angular momentum Ho about any given point O can be obtained 
by adding the moments about O of the vector mv and of the couple 
H,. We write 


Ho =rxmv+He (18.11) 


Fig. 18.5 


Angular Momentum of a Rigid Body Constrained to Rotate 
about a Fixed Point. In the particular case of a rigid body con- 
strained to rotate in three-dimensional space about a fixed point O 
(Fig. 18.5a), it is sometimes convenient to determine the angular 
momentum Ho of the body about the fixed point O. While Ho could 
be obtained by first computing Hg as indicated above and then using 
Eq. (18.11), it is often advantageous to determine Ho directly from 
the angular velocity @ of the body and its moments and products of 
inertia with respect to a frame Oxyz centered at the fixed point O. 
Recalling Eq. (14.7), we write 

Ho = > (x, X v, Am) (18.12) 

i=l 

where r; and v; denote, respectively, the position vector and the 
velocity of the particle P; with respect to the fixed frame Oxyz. Sub- 
stituting v, = w X r;, and after manipulations similar to those used 
in the earlier part of this section, we find that the components of the 
angular momentum Ho (Fig. 18.5b) are given by the relations 


Heal. De Dey = 128: 
at hy Oy ho (18.13) 
He 1,0, = Let, 


where the moments of inertia [,, I,, I, and the products of inertia 
I,y, Ty, L are computed with respect to the frame Oxyz centered at 


the fixed point O. 


*18.3 APPLICATION OF THE PRINCIPLE OF IMPULSE 
AND MOMENTUM TO THE THREE- 
DIMENSIONAL MOTION OF A RIGID BODY 


Before we can apply the fundamental equation (18.2) to the solution 
of problems involving the three-dimensional motion of a rigid body, 
we must learn to compute the derivative of the vector Hg. This will 
be done in Sec. 18.5. The results obtained in the preceding section 
can, however, be used right away to solve problems by the impulse- 
momentum method. 

Recalling that the system formed by the momenta of the par- 
ticles of a rigid body reduces to a linear momentum vector mv 


18.3 Application of the Principle of Impulse] 151 
and Momentum to the Three-Dimensional 
Motion of a Rigid Body 


Photo 18.2 As a result of the impulsive force 
applied by the bowling ball, a pin acquires both 
linear momentum and angular momentum. 
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(He) 


te 


(a) (b) (c) 
Fig. 18.6 


attached at the mass center G of the body and an angular momentum 
couple Hg, we represent graphically the fundamental relation 


Syst Momenta, + Syst Ext Imp)... = Syst Momenta, (17.4) 


by means of the three sketches shown in Fig. 18.6. To solve a given 
problem, we can use these sketches to write appropriate component 
and moment equations, keeping in mind that the components of the 
angular momentum H¢ are related to the components of the angular 
velocity w by Eqs. (18.7) of the preceding section. 

In solving problems dealing with the motion of a body rotating 
about a fixed point O, it will be convenient to eliminate the impulse of 
the reaction at O by writing an equation involving the moments of the 
momenta and impulses about O. We recall that the angular momentum 
Ho of the body about the fixed point O can be obtained either directly 
from Eqs. (18.13) or by first computing its linear momentum mv and 
its angular momentum Hg and then using Eq. (18.11). 


*18.4 KINETIC ENERGY OF A RIGID BODY 
IN THREE DIMENSIONS 


Consider a rigid body of mass m in three-dimensional motion. We 
recall from Sec. 14.6 that if the absolute velocity v; of each particle 
P; of the body is expressed as the sum of the velocity v of the mass 
center G of the body and of the velocity v; of the particle relative to 
a frame Gxyz attached to G and of fixed orientation (Fig. 18.7), the 
kinetic energy of the system of particles forming the rigid body can 
be written in the form 


7 1 n : 
T =5mo° + 5 > Amp;? (18.14) 
i=l 
where the last term represents the kinetic energy T’ of the body 
relative to the centroidal frame Gxyz. Since v} = |vj| = |@ x rj], we 
write 


1 n ; I: n 
T' = a Amp)? = = > lo x ri]? Am; 
27 2 i=} 


Expressing the square in terms of the rectangular components of the 

vector product, and replacing the sums by integrals, we have 

T’ =${[(oy — yx)” + (oe — wy)” + (@x — @,z)*]dm 

Slo f(y? + 27)dm + wy f(z + x7)dm + we f(x" + y*)dm 
— 20,0, fxrydm — 2w,o. fyzdm — 20.e, fzxdm] 

or, recalling the relations (18.5) and (18.6), 

T’ = 3(I,w: + Io, + L.w? — QT yO. — IT 0/0. — 21..w.w,) 

(18.15) 


Substituting into (18.14) the expression (18.15) we have just obtained 
for the kinetic energy of the body relative to centroidal axes, we write 


(18.16) 


If the axes of coordinates are chosen so that they coincide at 
the instant considered with the principal axes x’, y’, z’ of the body, 
the relation obtained reduces to 


where v = velocity of mass center 
@ = angular velocity 
__ m = mass of rigid body 
Ty, 1,1 = principal centroidal moments of inertia 


The results we have obtained enable us to apply to the three- 
dimensional motion of a rigid body the principles of work and energy 
(Sec. 17.2) and conservation of energy (Sec. 17.6). 


Kinetic Energy of a Rigid Body with a Fixed Point. In the 
particular case of a rigid body rotating in three-dimensional space 
about a fixed point O, the kinetic energy of the body can be expressed 
in terms of its moments and products of inertia with respect to axes 
attached at O (Fig. 18.8). Recalling the definition of the kinetic 
energy of a system of particles, and substituting v; = |v;| = |@ X r; 
we write 


> 


1 n 1 n 
T= 2 Amp} = gm lo x rf? Am; (18.18) 
i=1 


i=1 


Manipulations similar to those used to derive Eq. (18.15) yield 


(18.19) 


or, if the principal axes x’, y’, 2’ of the body at the origin O are 
chosen as coordinate axes, 


18.4 Kinetic Energy of a Rigid Body in 
Three Dimensions 
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SAMPLE PROBLEM 18.1 


A rectangular plate of mass m suspended from two wires at A and B is hit 
at D in a direction perpendicular to the plate. Denoting by F At the impulse 
applied at D, determine immediately after the impact (a) the velocity of the 
mass center G, (b) the angular velocity of the plate. 


SOLUTION 


Assuming that the wires remain taut and thus that the components 0, ol Vv 
and w, of @ are zero after the impact, we have 


v= 0,1 + ok o = wi + 0,j 
and since the x, y, = axes are principal axes of inertia, 

He = 1,,i + 1,@,j He = 4mb’o,i + maw, j (1) 
Principle of Impulse and Momentum. Since the initial momenta are zero, 
the system of the impulses must be equivalent to the system of the final 
momenta: 


T, At TpAt “| 


dls 


FAt z W At 


a. Velocity of Mass Center. Equating the components of the impulses 
and momenta in the x and z directions: 


x components: 0 = mv, Oy = 
% components: —F At = mv; vb, = —F At/m 
Vv = 0,1 + ok v= —-(FAt/m)k < 


b. Angular Velocity. Equating the moments of the impulses and momenta 
about the x and y axes: 


About x axis: sbF At = H, 
About y axis: —3aF At = i, 
Hy = Hit H,j He = 3bF Ati — jaF Atj (2) 
Comparing Eqs. (1) and (2), we conclude that 
@, = 6F At/mb w, = —6F At/ma 
o= ai + o,j @ = (6F At/mab)(ai — bj) <4 


We note that @ is directed along the diagonal AC. 

Remark: Equating the y components of the impulses and momenta, and 
their moments about the z axis, we obtain two additional equations which 
yield Ty = Tg = 3W. We thus verify that the wires remain taut and that 
our assumption was correct. 


SAMPLE PROBLEM 18.2 


A homogeneous disk of radius r and mass m is mounted on an axle OG of 
length L and negligible mass. The axle is pivoted at the fixed point O, and 
the disk is constrained to roll on a horizontal floor. Knowing that the disk 
rotates counterclockwise at the rate w, about the axle OG, determine 
(a) the angular velocity of the disk, (b) its angular momentum about O, 
(c) its kinetic energy, (d) the vector and couple at G equivalent to the 
momenta of the particles of the disk. 


SOLUTION 


Y a. Angular Velocity. As the disk rotates about the axle OG it also rotates 
i with the axle about the y axis at a rate ws clockwise. The total angular veloc- 
. ity of the disk is therefore 


To determine w we write that the velocity of C is zero: 


Vo =@X ro = 0 
(La@, — rw,)k = 0 @, = rw,/L 


Substituting into (1) for we: @ = wi — (rw/L)y <4 


b. Angular Momentum about O. Assuming the axle to be part of the 
disk, we can consider the disk to have a fixed point at O. Since the x, y, 
and z axes are principal axes of inertia for the disk, 


H, = 10, = (Gmr)a, 
H, = Tyoy = (nl? + ns?)(—ro/L) 
Jab. = L.w- sang (mL? yr) aa 0 


Ho = 5mr@i — m(L? + ar )(re@,/L)j a 


c. Kinetic Energy. Using the values obtained for the moments of inertia 
and the components of w, we have 


T = 3(I.w, 4 1,0, + Tw?) = 3[3mr-wy + m(L? + $r?)(—rw/L)?] 


g 
T= ne (6 ap 5) wo, < 
Ib, 


d. Momentum Vector and Couple at G. The linear momentum vector 
mv and the angular momentum couple Hg are 

mv =mrok < 
and 


Hg = I,o,i + Lyo,j + Tyo = gmr'wi + imr’(—re,/L)j 


ae eon (be eee 
He = ym on(i +) 
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SOLVING PROBLEMS 
JN TOURSOWN 


LE this lesson you learned to compute the angular momentum of a rigid body in 
three dimensions and to apply the principle of impulse and momentum to the 
three-dimensional motion of a rigid body. You also learned to compute the kinetic 
energy of a rigid body in three dimensions. It is important for you to keep in mind 
that, except for very special situations, the angular momentum of a rigid body in 
three dimensions cannot be expressed as the product I@ and, therefore, will not 
have the same direction as the angular velocity w (Fig. 18.3). 


1. To compute the angular momentum Hg of a rigid body about its mass 
center G, you must first determine the angular velocity w of the body with respect 
to a system of axes centered at G and of fixed orientation. Since you will be asked in 
this lesson to determine the angular momentum of the body at a given instant only, 
select the system of axes which will be most convenient for your computations. 

a. If the principal axes of inertia of the body at G are known, use these 
axes as coordinate axes x’, y’, and z’, since the corresponding products of inertia 
of the body will be equal to zero. Resolve @ into components @,, @,, and @, along 
these axes and compute the principal moments of inertia I,, I,,, and I... The corre- 
sponding components of the angular momentum Hg are 


Hy =Iyo, Hy =Iyoy — Hy = Io (18.10) 


b. If the principal axes of inertia of the body at G are not known, you 
must use Eqs. (18.7) to determine the components of the angular momentum 
Hc. These equations require prior computation of the products of inertia of the 
body as well as prior computation of its moments of inertia with respect to 
the selected axes. 

c. The magnitude and direction cosines of Hg are obtained from formulas 
similar to those used in Statics [Sec. 2.12]. We have 


Hg = VHi + Hy + H? 


A, A, H, 
cos 0. = — cos 0, = — cos 6, = — 
Hg : Hg Hg 


y 


d. Once Hg has been determined, you can obtain the angular momentum 
of the body about any given point O by observing from Fig. (18.4) that 
Ho = Yr x mv + He (18.11) 


where r is the position vector of G relative to O, and mv is the linear momentum 


of the body. 


2. To compute the angular momentum Ho of a rigid body with a fixed 
point O, follow the procedure described in paragraph 1, except that you should 
now use axes centered at the fixed point O. 

a. If the principal axes of inertia of the body at O are known, resolve @ into 
components along these axes [Sample Prob. 18.2]. The corresponding components 
of the angular momentum Hg are obtained from equations similar to Eqs. (18.10). 


b. If the principal axes of inertia of the body at O are not known, you must 
compute the products as well as the moments of inertia of the body with respect 
to the axes that you have selected and use Eqs. (18.13) to determine the compo- 
nents of the angular momentum Ho. 


3. To apply the principle of impulse and momentum to the solution of a prob- 
lem involving the three-dimensional motion of a rigid body, you will use the same 
vector equation that you used for plane motion in Chap. 17, 


Syst Momenta, + Syst Ext Imp,., = Syst Momenta, (17.4) 


where the initial and final systems of momenta are each represented by a linear- 
momentum vector mv and an angular-momentum couple Hg. Now, however, these 
vector-and-couple systems should be represented in three dimensions as shown in 
Fig. 18.6, and Hg should be determined as explained in paragraph 1. 

a. In problems involving the application of a known impulse to a rigid body, 
draw the free-body-diagram equation corresponding to Eq. (17.4). Equating the 
components of the vectors involved, you will determine the final linear momentum 
mv of the body and, thus, the corresponding velocity v of its mass center. Equating 
moments about G, you will determine the final angular momentum Hg of the body. 
You will then substitute the values obtained for the components of Hg into 
Eqs. (18.10) or (18.7) and solve these equations for the corresponding values of the 
components of the angular velocity w of the body [Sample Prob. 18.1]. 

b. In problems involving unknown impulses, draw the free-body-diagram 
equation corresponding to Eq. (17.4) and write equations which do not involve 
the unknown impulses. Such equations can be obtained by equating moments 
about the point or line of impact. 


4. To compute the kinetic energy of a rigid body with a fixed point O, resolve 
the angular velocity @ into components along axes of your choice and compute the 
moments and products of inertia of the body with respect to these axes. As was the 
case for the computation of the angular momentum, use the principal axes of inertia 
x’, y’, and 2’ if you can easily determine them. The products of inertia will then be 
zero [Sample Prob. 18.2], and the expression for the kinetic energy will reduce to 


T = s(Lya@y: + Lyra + Lay) (18.20) 
If you must use axes other than the principal axes of inertia, the kinetic energy of 
the body should be expressed as shown in Eq. (18.19). 


5. To compute the kinetic energy of a rigid body in general motion, consider the 
motion as the sum of atranslation with the mass center G and a rotation about G. The 
kinetic energy associated with the translation is mb. If principal axes of inertia can 
be used, the kinetic energy associated with the rotation about G can be expressed in 
the form used in Eq. (18.20). The total kinetic energy of the rigid body is then 


T = mv" + 5(Iyay + Lyay + Lew) (18.17) 
If you must use axes other than the principal axes of inertia to determine the 


kinetic energy associated with the rotation about G, the total kinetic energy of the 
body should be expressed as shown in Eq. (18.16). 
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PROBLEMS 


18.1 
18.2 
Fig. P18.2 
18.3 
y 
x 
18.4 


Fig. P18.4 
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Two uniform rods AB and CE, each of mass 1.5 kg and length 
600 mm, are welded to each other at their midpoints. Knowing 
that this assembly has an angular velocity of constant magnitude 
w = 12 rad/s, determine the magnitude and direction of the angu- 
lar momentum Hp of the assembly about D. 


Fig. P18.1 


A thin, homogeneous disk of mass m and radius r spins at the 
constant rate w, about an axle held by a fork-ended vertical rod 
which rotates at the constant rate w2. Determine the angular 
momentum Hg of the disk about its mass center G. 


A thin homogeneous square of mass m and side a is welded to a 
vertical shaft AB with which it forms an angle of 45°. Knowing 
that the shaft rotates with an angular velocity w, determine the 
angular momentum of the plate about A. 


y 


Fig. P18.3 


A homogeneous disk of mass m and radius r is mounted on the verti- 
cal shaft AB. The normal to the disk at G forms an angle B = 25° with 
the shaft. Knowing that the shaft has a constant angular velocity o, 
determine the angle 6 formed by the shaft AB and the angular 
momentum H of the disk about its mass center G. 


18.5 A thin disk of weight W = 10 lb rotates at the constant rate Problems ] 159 
w2 = 15 rad/s with respect to arm ABC, which itself rotates at the 
constant rate @, = 5 rad/s about the y axis. Determine the angular 
momentum of the disk about its center C. 


Fig. P18.5 


18.6 A homogeneous disk of weight W = 6 lb rotates at the constant 
rate w, = 16 rad/s with respect to arm ABC, which is welded to 
a shaft DCE rotating at the constant rate w: = 8 rad/s. Determine 
the angular momentum H, of the disk about its center A. 


y r= 8in. 


Fig. P18.6 


18.7 A solid rectangular parallelepiped of mass m has a square base 
of side a and a length 2a. Knowing that it rotates at the constant 
rate w about its diagonal AC’ and that its rotation is observed from 
A as counterclockwise, determine (a) the magnitude of the angular 
momentum Hg of the parallelepiped about its mass center G, 
(b) the angle that He forms with the diagonal AC’. Fig. P18.7 


18.8 Solve Prob. 18.7, assuming that the solid rectangular parallelepiped 
has been replaced by a hollow one consisting of six thin metal 
plates welded together. 


18.9 Determine the angular momentum of the disk of Prob. 18.5 about 
point A. 


18.10 Determine the angular momentum Hp of the disk of Prob. 18.6 
about point D. 
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18.12 


18.13 


18.14 
Fig. P18.15 


120 mm 18.15 


18.16 


18.17 


Fig. P18.16 and P18.17 


The 30-kg projectile shown has a radius of gyration of 60 mm about 
its axis of symmetry Gx and a radius of gyration of 250 mm about 
the transverse axis Gy. Its angular velocity w can be resolved into 
two components; one component, directed along Gx, measures the 
rate of spin of the projectile, while the other component, directed 
along GD, measures its rate of precession. Knowing that 6 = 5° and 
that the angular momentum of the projectile about its mass center G 
is Hg = (3820 ¢- m’/s)i — (9 ge m”/s)j, determine (a) the rate of spin, 
(b) the rate of precession. 


- 


B 
275 mm @ 
D 


Fig. P18.11 


Determine the angular momentum Hy of the projectile of Prob. 18.11 
about the center A of its base, knowing that its mass center G has 
a velocity v of 650 m/s. Give your answer in terms of components 
respectively parallel to the x and y axes shown and to a third axis z 
pointing toward you. 


(a) Show that the angular momentum Hz of a rigid body about 
point B can be obtained by adding to the angular momentum H, of 
that body about point A the vector product of the vector r4/z drawn 
from B to A and the linear momentum mv of the body: 


Hz = Hy + Yap x mv 


(b) Further show that when a rigid body rotates about a fixed axis, 
its angular momentum is the same about any two points A and B 
located on the fixed axis (H, = Hg) if, and only if, the mass 
center G of the body is located on the fixed axis. 


Determine the angular momentum Ho of the disk of Sample 
Prob. 18.2 from the expressions obtained for its linear momentum 
mv and its angular momentum Hg, using Eqs. (18.11). Verify 
that the result obtained is the same as that obtained by direct 
computation. 


A rod of uniform cross section is used to form the shaft shown. 
Denoting by m the total mass of the shaft and knowing that the shaft 
rotates with a constant angular velocity w, determine (a) the angu- 
lar momentum He of the shaft about its mass center G, (b) the angle 
formed by Hg and the axis AB. 


The triangular plate shown has a mass of 7.5 kg and is welded to 
a vertical shaft AB. Knowing that the plate rotates at the constant 
rate w = 12 rad/s, determine its angular momentum about 
(a) point C, (b) point A. (Hint: To solve part b find v and use the 
property indicated in part a of Prob. 18.13.) 


The triangular plate shown has a mass of 7.5 kg and is welded to 
a vertical shaft AB. Knowing that the plate rotates at the constant 
rate w = 12 rad/s, determine its angular momentum about 
(a) point C, (b) point B. (See hint of Prob. 18.16.) 


18.18 


18.19 


18.20 


18.21 


Determine the angular momentum of the shaft of Prob. 18.15 
about (a) point A, (b) point B. 


Two L-shaped arms, each weighing 4 lb, are welded at the third 
points of the 2-ft shaft AB. Knowing that shaft AB rotates at the 
constant rate w = 240 rpm, determine (a) the angular momentum 
of the body about A, (b) the angle formed by the angular momen- 
tum and shaft AB. 


For the body of Prob. 18.19, determine (a) the angular momentum 
about B, (b) the angle formed by the angular momentum about 
shaft BA. 


One of the sculptures displayed on a university campus consists of 
a hollow cube made of six aluminum sheets, each 5 X 5 ft, welded 
together and reinforced with internal braces of negligible weight. 
The cube is mounted on a fixed base at A and can rotate freely 
about its vertical diagonal AB. As she passes by this display on 
the way to a class in mechanics, an engineering student grabs 
corner C of the cube and pushes it for 1.2 s in a direction per- 
pendicular to the plane ABC with an average force of 12.5 |b. 
Having observed that it takes 5 s for the cube to complete one 
full revolution, she flips out her calculator and proceeds to deter- 
mine the weight of the cube. What is the result of her calculation? 
(Hint: The perpendicular distance from the diagonal joining two 
vertices of a cube to any of its other six vertices can be obtained 


by multiplying the side of the cube by V 2/3.) 


Fig. P18.21 


18.22 If the aluminum cube of Prob. 18.21 were replaced by a cube of 


the same size, made of six plywood sheets weighing 20 Ib each, 
how long would it take for that cube to complete one full revolution 
if the student pushed its corner C in the same way that she pushed 
the corner of the aluminum cube? 


Fig. P18.19 


Problems 
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18.24 


180 mm 


18.25 


18.26 


180 mm 


Fig. P18.23 and P18.24 18.27 


Fig. P18.25 


y 
18.28 
a 


18.29 


7" 


Fig. P18.29 


Two circular plates, each of mass 4 kg, are rigidly connected by a 
rod AB of negligible mass and are suspended from point A as 
shown. Knowing that an impulse F At = —(2.4 N - s)k is applied 
at point D, determine (a) the velocity of the mass center G of the 
assembly, (b) the angular velocity of the assembly. 


Two circular plates, each of mass 4 kg, are rigidly connected by a 
rod AB of negligible mass and are suspended from point A as 
shown. Knowing that an impulse F At = (2.4 N - s)j is applied at 
point D, determine (a) the velocity of the mass center G of the 
assembly, (b) the angular velocity of the assembly. 


A uniform rod of mass m is bent into the shape shown and is sus- 
pended from a wire attached at its mass center G. The bent rod 
is hit at A in a direction perpendicular to the plane containing the 
rod (in the positive x direction). Denoting the corresponding 
impulse by F At, determine immediately after the impact (a) the 
velocity of the mass center G, (b) the angular velocity of the rod. 


Solve Prob. 18.25, assuming that the bent rod is hit at B. 


Three slender rods, each of mass m and length 2a, are welded 
together to form the assembly shown. The assembly is hit at A in 
a vertical downward direction. Denoting the corresponding 
impulse by F At, determine immediately after the impact (a) the 
velocity of the mass center G, (b) the angular velocity of the rod. 


Fig. P18.27 


Solve Prob. 18.27, assuming that the assembly is hit at B in a direc- 
tion opposite to that of the x axis. 


A square plate of side a and mass m supported by a ball-and-socket 
joint at A is rotating about the y axis with a constant angular velocity 
@ = oj when an obstruction is suddenly introduced at B in the xy 
plane. Assuming the impact at B to be perfectly plastic (e = 0), 
determine immediately after the impact (a) the angular velocity of 
the plate, (b) the velocity of its mass center G. 


Determine the impulse exerted on the plate of Prob. 18.29 during 
the impact by (a) the obstruction at B, (b) the support at A. 


18.31 A rectangular plate of mass m is falling with a velocity vp and no Problems 1163 
angular velocity when its corner C strikes an obstruction. Assum- 
ing the impact to be perfectly plastic (e = 0), determine the angu- 


lar velocity of the plate immediately after the impact. = y 

18.32 For the plate of Prob. 18.31, determine (a) the velocity of its mass a 

center G immediately after the impact, (b) the impulse exerted on ne C 

the plate by the obstruction during the impact. 

plate by g P ace 

18.33 A 2500-kg probe in orbit about the moon is 2.4 m high and has 
octagonal bases of sides 1.2 m. The coordinate axes shown are the oe 
principal centroidal axes of inertia of the probe, and its radii of x 
gyration are k, = 0.98 m, k, = 1.06 m, and k, = 1.02 m. The 
probe is equipped with a main 500-N thruster E and with four Fig. P18.31 
20-N thrusters A, B, C, and D which can expel fuel in the positive 
y direction. The probe has an angular velocity @ = (0.040 rad/s)i + 
(0.060 rad/s)k when two of the 20-N thrusters are used to reduce 
the angular velocity to zero. Determine (a) which of the thrusters 
should be used, (b) the operating time of each of these thrusters, 
(c) for how long the main thruster E should be activated if the 
velocity of the mass center of the probe is to remain unchanged. 


18.34 Solve Prob. 18.33, assuming that the angular velocity of the probe 
is w = (0.060 rad/s)i — (0.040 rad/s)k. 


18.35 The coordinate axes shown represent the principal centroidal axes 
of inertia of a 3000-lb space probe whose radii of gyration are 
k, = 1.375 ft, k, = 1.425 ft, and k, = 1.250 ft. The probe has no 
angular velocity when a 5-oz meteorite strikes one of its solar pan- 
els at point A with a velocity vy = (2400 ft/s)i — (3000 ft/s)j + 
(3200 ft/s)k relative to the probe. Knowing that the meteorite 
emerges on the other side of the panel with no change in the 
direction of its velocity, but with a speed reduced by 20 percent, 
determine the final angular velocity of the probe. 


Fig. P18.33 


Fig. P18.35 and P18.36 


18.36 The coordinate axes shown represent the principal centroidal axes 
of inertia of a 3000-lb space probe whose radii of gyration are 
k, = 1.375 ft, k, = 1.425 ft, and k, = 1.250 ft. The probe has no 
angular velocity when a 5-oz meteorite strikes one of its solar 
panels at point A and emerges on the other side of the panel 
with no change in the direction of its velocity, but with a speed 
reduced by 25 percent. Knowing that the final angular velocity of 
the probe is w = (0.05 rad/s)i — (0.12 rad/s)j + wk and that the 
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center of the probe is —0.675 in./s, determine (a) the component w, 
of the final angular velocity of the probe, (b) the relative velocity vo 
with which the meteorite strikes the panel. 


18.37 Denoting, respectively, by w, Ho, and T the angular velocity, the 
angular momentum, and the kinetic energy of a rigid body with a 
fixed point O, (a) prove that Hp - w = 2T; (b) show that the angle 6 
between w and Ho will always be acute. 


can be expressed as T = Sow”, where w is the instantaneous 
angular velocity of the body and Io, is its moment of inertia 
about the line of action OL of w. Derive this expression (a) from 
Eqs. (9.46) and (18.19), (b) by considering T as the sum of the 
kinetic energies of particles P; describing circles of radius p; 
about line OL. 


/ L 18.38 Show that the kinetic energy of a rigid body with a fixed point O 
o 


18.39 Determine the kinetic energy of the assembly of Prob. 18.1. 


18.40 Determine the kinetic energy of the disk of Prob. 18.2. 


va 


Fig. P18.38 18.41 Determine the kinetic energy of the plate of Prob. 18.3. 


18.42 Determine the kinetic energy of the disk of Prob. 18.4. 

18.43 Determine the kinetic energy of the rod of Prob. 18.15. 

18.44 Determine the kinetic energy of the triangular plate of Prob. 18.16. 
18.45 Determine the kinetic energy of the body of Prob. 18.19. 

18.46 Determine the kinetic energy imparted to the cube of Prob. 18.21. 
18.47 Determine the kinetic energy of the disk of Prob. 18.5. 

18.48 Determine the kinetic energy of the disk of Prob. 18.6. 


18.49 Determine the kinetic energy of the solid parallelepiped of 
Prob. 18.7. 


18.50 Determine the kinetic energy of the hollow parallelepiped of 
Prob. 18.8. 


18.51 Determine the kinetic energy lost when the plate of Prob. 18.29 
hits the obstruction at B. 


18.52 Determine the kinetic energy lost when corner C of the plate of 
Prob. 18.31 hits the obstruction. 


18.53 Determine the kinetic energy of the space probe of Prob. 18.35 
in its motion about its mass center after its collision with the 
meteorite. 


18.54 Determine the kinetic energy of the space probe of Prob. 18.36 
in its motion about its mass center after its collision with the 
meteorite. 


*18.5 MOTION OF A RIGID BODY 
IN THREE DIMENSIONS 


As indicated in Sec. 18.2, the fundamental equations 


xF = ma (18.1) 
=Mc = He (18.2) 


remain valid in the most general case of the motion of a rigid body. 
Before Eq. (18.2) could be applied to the three-dimensional motion 
of a rigid body, however, it was necessary to derive Eqs. (18.7), which 
relate the components of the angular momentum Hg and those of 
the angular velocity w. It still remains for us to find an effective and 
convenient way for computing the components of the derivative Hg 
of the angular momentum. 

Since Hg represents the angular momentum of the body in its 
motion relative to centroidal axes GX'Y'Z’ of fixed orientation (Fig. 
18.9), and since Hg represents the rate of change of Hg with respect 
to the same axes, it would seem natural to use components of w 
and Hg along the axes X’, Y’, Z’ in writing the relations (18.7). But 
since the body rotates, its moments and products of inertia would 
change continually, and it would be necessary to determine their 
values as functions of the time. It is therefore more convenient to 
use axes x, y, z attached to the body, ensuring that its moments and 
products of inertia will maintain the same values during the motion. 
This is permissible since, as indicated earlier, the transformation of 
@ into Hg is independent of the system of coordinate axes selected. 
The angular velocity w, however, should still be defined with respect 
to the frame GX'Y'Z' of fixed orientation. The vector w may then 
be resolved into components along the rotating x, y, and < axes. 
Applying the relations (18.7), we obtain the components of the vec- 
tor Hg along the rotating axes. The vector Hc, however, represents 
the angular momentum about G of the body in its motion relative 
to the frame GX'Y'Z'. 

Differentiating with respect to t the components of the angular 
momentum in (18.7), we define the rate of change of the vector Hg 
with respect to the rotating frame Gxyz: 


(He) arye = Hi a Hj + HA (18.21) 


where i, j, k are the unit vectors along the rotating axes. Recalling 
from Sec. 15.10 that the rate of change Hg of the vector Hg with 
respect to the frame GX'Y'Z’ is found by adding to (Hg) czy: the 
vector product  X He, where © denotes the angular velocity of 
the rotating frame, we write 


He = (He) exye ae QO x He (18.22) 


where He = angular momentum of body with respect to frame 
; GX'Y'Z' of fixed orientation 
(He) cxy: = rate of change of Hg with respect to rotating frame Gxyz, 
to be computed from the relations (18.7) and (18.21) 
Q = angular velocity of rotating frame Gxyz 


18.5 Motion of a Rigid Body 
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Substituting for He from (18.22) into (18.2), we have 
=Mc = (He) ea: +Qx He (18.23) 


If the rotating frame is attached to the body, as has been 
assumed in this discussion, its angular velocity Q is identically equal 
to the angular velocity w of the body. There are many applications, 
however, where it is advantageous to use a frame of reference which 
is not actually attached to the body but rotates in an independent 
manner. For example, if the body considered is axisymmetrical, as in 
Sample Prob. 18.5 or Sec. 18.9, it is possible to select a frame of 
reference with respect to which the moments and products of inertia 
of the body remain constant, but which rotates less than the body 
itself.+ As a result, it is possible to obtain simpler expressions for the 
angular velocity w and the angular momentum Hg of the body than 
could have been obtained if the frame of reference had actually been 
attached to the body. It is clear that in such cases the angular velocity 
Q of the rotating frame and the angular velocity w of the body are 
different. 


*18.6 EULER’S EQUATIONS OF MOTION. EXTENSION 
OF D’ALEMBERT’S PRINCIPLE TO THE MOTION 
OF A RIGID BODY IN THREE DIMENSIONS 


If the x, y, and z axes are chosen to coincide with the principal axes 
of inertia of the body, the simplified relations (18.10) can be used to 
determine the components of the angular momentum Hg. Omitting 
the primes from the subscripts, we write 


Hg = 1.o,i + 1,o,j + Lok (18.24) 


where [,,I y and L. denote the principal centroidal moments of iner- 
tia of the body. Substituting for Hg from (18.24) into (18.23) and 
setting Q = w, we obtain the three scalar equations 


=M, = L,@, aa ce = 1.)o,w, 
=M, = 1,0, — (I, — 1,)o,0, (18.25) 


=M, = To. ~~ (I, a I, ow, 


These equations, called Euler's equations of motion after the Swiss 
mathematician Leonhard Euler (1707-1783), can be used to analyze 
the motion of a rigid body about its mass center. In the following 
sections, however, Eq. (18.23) will be used in preference to Eqs. 
(18.25), since the former is more general and the compact vectorial 
form in which it is expressed is easier to remember. 

Writing Eq. (18.1) in scalar form, we obtain the three additional 
equations 


DF, = ma, ZF, = ma, LF, = ma, (18.26) 
which, together with Euler's equations, form a system of six differen- 


tial equations. Given appropriate initial conditions, these differential 


+More specifically, the frame of reference will have no spin (see Sec. 18.9). 


equations have a unique solution. Thus, the motion of a rigid body in 
three dimensions is completely defined by the resultant and the moment 
resultant of the external forces acting on it. This result will be recog- 
nized as a generalization of a similar result obtained in Sec. 16.4 in the 
case of the plane motion of a rigid slab. It follows that in three as well 
as two dimensions, two systems of forces which are equipollent are also 
equivalent; that is, they have the same effect on a given rigid body. 


(Am,)a; 


(a) (b) 
Fig. 18.10 

Considering in particular the system of the external forces act- 
ing on a rigid body (Fig. 18.10a) and the system of the effective forces 
associated with the particles forming the rigid body (Fig. 18.10b), 
we can state that the two systems—which were shown in Sec. 14.2 
to be equipollent—are also equivalent. This is the extension of 
dAlembert’s principle to the three-dimensional motion of a rigid 
body. Replacing the effective forces in Fig. 18.10b by an equivalent 
force-couple system, we verify that the system of the external forces 
acting on a rigid body in three-dimensional motion is equivalent to 
the system consisting of the vector ma attached at the mass center G 
of the body and the couple of moment H¢ (Fig. 18.11), where Hg is 
obtained from the relations (18.7) and (18.22). Note that the equiva- 
lence of the systems of vectors shown in Fig. 18.10 and in Fig. 18.11 
has been indicated by red equals signs. Problems involving the three- 
dimensional motion of a rigid body can be solved by considering the 
free-body-diagram equation represented in Fig. 18.11 and writing 
appropriate scalar equations relating the components or moments of 
the external and effective forces (see Sample Prob. 18.3). 


*18.7, MOTION OF A RIGID BODY 
ABOUT A FIXED POINT 


When a rigid body is constrained to rotate about a fixed point O, it 
is desirable to write an equation involving the moments about O of 
the external and effective forces, since this equation will not contain 
the unknown reaction at O. While such an equation can be obtained 
from Fig. 18.11, it may be more convenient to write it by considering 
the rate of change of the angular momentum Ho of the body about 
the fixed point O (Fig. 18.12). Recalling Eq. (14.11), we write 


where Ho denotes the rate of change of the vector Ho with respect 
to the fixed frame OXYZ. A derivation similar to that used in Sec. 18.5 


18.7 Motion of a Rigid Body about 
a Fixed Point 


Fig. 18.11 
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1168 _ Kinetics of Rigid Bodies in Three Dimensions — enables us to relate Ho to the rate of change (Ho) oxy of Hy with 
respect to the rotating frame Oxyz. Substitution into (18.27) leads to 
the equation 


Mo = (Ho)ow: + @ x Ho (18.28) 


where XMo = sum of moments about O of forces applied to rigid 
body 
Ho = angular momentum of body with respect to fixed 
. frame OXYZ 
(Ho)ow:; = rate of change of Ho with respect to rotating frame 
Oxyz, to be computed from relations (18.13) 
© = angular velocity of rotating frame Oxyz 


Photo 18.3 The revolving radio telescope is 
an example of a structure constrained to rotate If the rotating frame is attached to the body, its angular velocity 


about a fixed point. Q is identically equal to the angular velocity @ of the body. However, 
as indicated in the last paragraph of Sec. 18.5, there are many applica- 
tions where it is advantageous to use a frame of reference which is not 
actually attached to the body but rotates in an independent manner. 


¥ *18.8 ROTATION OF A RIGID BODY 
\ ABOUT A FIXED AXIS 


— _ Equation (18.28), which was derived in the preceding section, will 

a / me “be used to analyze the motion of a rigid body constrained to rotate 

\ about a fixed axis AB (Fig. 18.13). First, we note that the angular 

, ——_x__ velocity of the body with respect to the fixed frame OXYZ is repre- 

4 sented by the vector w directed along the axis of rotation. Attaching 

B the moving frame of reference Oxyz to the body, with the z axis along 

by fo AB, we have w = ok. Substituting w, = 0, a, = 0, @, = @ into the 

“ relations (18.13), we obtain the components along the rotating axes 
ye of the angular momentum Ho of the body about O: 


AH, = —1,,@ A, = —ly@ H, = 1L.w 
Since the frame Oxyz is attached to the body, we have Q = w and 
Eq. (18.28) yields 
=Mo = (Hs) aaa + @ xX Ho 
= (“Igi — [pj + Lk) + ok X (—Igi — Iyej + Lo 
=(-[a i,j Lee + je hale 
The result obtained can be expressed by the three scalar equations 
XM, = —Iya + 1.0 
= 1a da" (18.29) 
=M. = I.a 
When the forces applied to the body are known, the angular 
acceleration a can be obtained from the last of Eqs. (18.29). The 
angular velocity w is then determined by integration and the values 
obtained for a and w substituted into the first two equations (18.29). 
These equations plus the three equations (18.26) which define the 


motion of the mass center of the body can then be used to determine 
the reactions at the bearings A and B. 


It is possible to select axes other than the ones shown in Fig. 
18.13 to analyze the rotation of a rigid body about a fixed axis. In 
many cases, the principal axes of inertia of the body will be found 
more advantageous. It is therefore wise to revert to Eq. (18.28) and 
to select the system of axes which best fits the problem under 
consideration. 

If the rotating body is symmetrical with respect to the xy plane, 
the products of inertia [,, and I, are equal to zero and Eqs. (18.29) 
reduce to 


=M,=0  =M,=0 %=M,=Lea (18.30) 


which is in accord with the results obtained in Chap. 16. If, on 
the other hand, the products of inertia I,, and I,, are different 
from zero, the sum of the moments of the external forces about 
the x and y axes will also be different from zero, even when the 
body rotates at a constant rate w. Indeed, in the latter case, Eqs. 


(18.29) yield 


=M, = 1,0 =M, = —1.0° M,=0 (18.31) 


y 

This last observation leads us to discuss the balancing of rotat- 
ing shafts. Consider, for instance, the crankshaft shown in Fig. 18.14a, 
which is symmetrical about its mass center G. We first observe that 
when the crankshaft is at rest, it exerts no lateral thrust on its sup- 
ports, since its center of gravity G is located directly above A. The 
shaft is said to be statically balanced. The reaction at A, often referred 
to as a static reaction, is vertical and its magnitude is equal to the 
weight W of the shaft. Let us now assume that the shaft rotates with 
a constant angular velocity w. Attaching our frame of reference to 
the shaft, with its origin at G, the z axis along AB, and the y axis in 
the plane of symmetry of the shaft (Fig. 18.14b), we note that I,. is 
zero and that I,. is positive. According to Eqs. (18.31), the external 
forces include a couple of moment 1,00. Since this couple is formed 
by the reaction at B and the horizontal component of the reaction 
at A, we have 


Ay=——j B= -—_j (18.32) 


Since the bearing reactions are proportional to w”, the shaft will have 
a tendency to tear away from its bearings when rotating at high speeds. 
Moreover, since the bearing reactions A, and B, called dynamic reac- 
tions, are contained in the yz plane, they rotate with the shaft and 
cause the structure supporting it to vibrate. These undesirable effects 
will be avoided if, by rearranging the distribution of mass around 
the shaft or by adding corrective masses, we let Les become equal to 
zero. The dynamic reactions A, and B will vanish and the reactions 
at the bearings will reduce to the static reaction A., the direction of 
which is fixed. The shaft will then be dynamically as well as statically 
balanced. 


18.8 Rotation of a Rigid Body about ] 169 
a Fixed Axis 


Photo 18.4 The forces exerted by a rotating 
automobile crankshaft on its bearings are the 
static and dynamic reactions. The crankshaft can 
be designed to be dynamically as well as 
statically balanced. 


Fig. 18.14 
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SAMPLE PROBLEM 18.3 


A slender rod AB of length L = 8 ft and weight W = 40 lb is pinned at 
A to a vertical axle DE which rotates with a constant angular velocity @ of 
15 rad/s. The rod is maintained in position by means of a horizontal wire 
BC attached to the axle and to the end B of the rod. Determine the tension 
in the wire and the reaction at A. 


SOLUTION 


The effective forces reduce to the vector ma attached at G and the couple 
Hg. Since G describes a horizontal circle of radius r = $L cos B at the 
constant rate w, we have 


a =a, = —rw I = —($L cos B)w'I = — (450 ft/s”) I 


ma = = (—4501) = —(559 |b)I 


Determination of He. We first compute the angular momentum He. 
Using the principal centroidal axes of inertia x, y, z, we write 


1, = mL ie, =0 I, = pmL? 
@, = —w cos B @, = w sin B wo, = 0 
Ho — lea + ia, + 10,k 
He = —§mL’o cos Bi 


The rate of change He of Hg with respect to axes of fixed orientation is 
obtained from Eq. (18.22). Observing that the rate of change (Hg): of He 
with respect to the rotating frame Gxyz is zero, and that the angular velocity 
Q of that frame is equal to the angular velocity w of the rod, we have 


He = (He) eae + @ xX He 
H, = 0 + (—wcos Bi + w sin Bj) X (-hmL?o cos B i) 
He = mL?’ sin B cos Bk = (645 lb - ft) k 


Equations of Motion. Expressing that the system of the external forces is 
equivalent to the system of the effective forces, we write 


=My = =(Ma)etr: 
6.93) x (—TI) + 21 x (—40J) = 3.46) x (—5591) + 645K 
(6.93T — 80)K = (1934 + 645)K T = 384lb <« 
SF=3F.¢ Agi + Ay + AoK — 3841 — 407 = —5501 
A= “(pei eo lb a 


Remark. The value of T could have been obtained from Hy and Eq. 
(18.28). However, the method used here also yields the reaction at A. More- 
over, it draws attention to the effect of the asymmetry of the rod on the 
solution of the problem by clearly showing that both the vector ma and the 
couple Hg must be used to represent the effective forces. 


SAMPLE PROBLEM 18.4 


Two 100-mm rods A and B, each of mass 300 g, are welded to shaft CD which 
is supported by bearings at C and D. If a couple M of magnitude equal to 
6N - m is applied to the shaft, determine the components of the dynamic 
reactions at C and D at the instant when the shaft has reached an angular 
velocity at 1200 rpm. Neglect the moment of inertia of the shaft itself. 


SOLUTION 


Angular Momentum about O. We attach to the body the frame of refer- 
ence Oxyz and note that the axes chosen are not principal axes of inertia 
for the body. Since the body rotates about the x axis, we have w, = w and 
= w, = 0. Substituting into Eqs. (18.13), 

H, = Lo Lily = lhaf® lal, = =lL 


Ho = (Lyi om eal a L,.k)w 


y 


Moments of the External Forces about O. Since the frame of reference 
rotates with the angular velocity w, Eq. (18.28) yields 
=Mo = (He) ou +wW xX Ho 
= (Li Layj Lk)a + wi X (La — Teal ak) cy 
Sar hes 1,.0°)j — (Ia + 1,0" )k (1) 


Dynamic Reaction at D. The external forces consist of the weights of the 
shaft and rods, the couple M, the static reactions at C and D, and the 
dynamic reactions at C and D. Since the weights and static reactions are 
balanced, the external forces reduce to the couple M and the dynamic reac- 
tions C and D as shown in the figure. Taking moments about O, we have 


2Mo = Li x (D,j + D.k) + Mi = Mi — D.Lj + D,Lk (2) 


Equating the coefficients of the unit vector i in (1) and (2), 


M = La Me 2(4mc")a a = 3M/2mc? 
Equating the coefficients of k and j in (1) and (2): 
Dy Ca oye P= (lo — 1.0/0 (3) 


Using the parallel-axis theorem, and noting that the product of inertia 
of each rod is zero with respect to centroidal axes, we have 


ly = Smxy = m(GL)(3c) = pmlc 

I, = Xmxz = m(GL)(5c) = gmLc 

Substituting into (3) the values found for [,,, [,., and a: 
2 = —2(M/c) — tmew* D, = 3(M/c) — gmcw” 


Substituting w = 1200 rpm = 125.7 rad/s, c = 0.100 m, M = 6 N - m, and 
m = 0.300 kg, we have 

D, = -1298N D,=-368N < 
Dynamic Reaction at C. Using a frame of reference attached at D, we 
obtain equations similar to Eqs. (3), which yield 

C,=-1522N C,=-1552N < 
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SAMPLE PROBLEM 18.5 


A homogeneous disk of radius r and mass m is mounted on an axle OG of 
length L and negligible mass. The axle is pivoted at the fixed point O and 
the disk is constrained to roll on a horizontal floor. Knowing that the disk 
rotates counterclockwise at the constant rate @, about the axle, determine 
(a) the force (assumed vertical) exerted by the floor on the disk, (b) the 
reaction at the pivot O. 


SOLUTION 


The effective forces reduce to the vector ma attached at G and the couple 
Hg. Recalling from Sample Prob. 18.2 that the axle rotates about the y axis 
at the rate w) = rw,/L, we write 


ma = —mLoxi = —mL(rw,/L)7i = —(mro%/L)i (1) 


Determination of Hg. We recall from Sample Prob. 18.2 that the angular 
momentum of the disk about G is 


He = imr’o (i- £3) 
@=5 1 op 


where Hg is resolved into components along the rotating axes x’, y’, x’, with 
x’ along OG and y’ vertical. The rate of change He of Hg with respect to 
axes of fixed, orientation is obtained from Eq. (18.22). Noting that the rate 
of change (Hg¢)cx'y' of Hg with respect to the rotating frame is zero, and 
that the angular velocity © of that frame is 


we have 


Ree (He) oxy +Q x He 


TO : ; ie Pe 
=) = sal x smr@, (: = =i) 
smr°(r/L)wik (2) 


Equations of Motion. Expressing that the system of the external forces is 
equivalent to the system of the effective forces, we write 


=Mo = =(Mo)es: Li x (Nj — Wj) = He 
(N — W)Lk = $mr°(r/L)oik 
N = W + $mr(r/L)*0; N=([Wt smr(r/L) or lj (3) <q 
=F = DF ee: R+ Nj aa Wj =ma 
Substituting for N from (3), for ma from (1), and solving for R, we have 


R = —(mroei/L)i — ymr(/L oi j 


A mroy ( at ) a 
SF. ond 


SOLVING PROBLEMS 
UN YOURK OWN 


ike this lesson you will be asked to solve problems involving the three-dimensional 
motion of rigid bodies. The method you will use is basically the same that you 
used in Chap. 16 in your study of the plane motion of rigid bodies. You will draw a 
free-body-diagram equation showing that the system of the external forces is equiva- 
lent to the system of the effective forces, and you will equate sums of components 
and sums of moments on both sides of this equation. Now, however, the system of 
the effective forces will be represented by the vector ma and a couple vector Hg, 
the determination of which will be explained in paragraphs 1 and 2 below. 


To solve a problem involving the three-dimensional motion of a rigid body, you 
should take the following steps: 


1. Determine the angular momentum Hg of the body about its mass center G 
from its angular velocity « with respect to a frame of reference GX'Y'Z’' of fixed 
orientation. This is an operation you learned to perform in the preceding lesson. 
However, since the configuration of the body will be changing with time, it will 
now be necessary for you to use an auxiliary system of axes Gx'y’z’ (Fig. 18.9) to 
compute the components of w and the moments and products of inertia of the 
body. These axes may be rigidly attached to the body, in which case their angular 
velocity is equal to w [Sample Probs. 18.3 and 18.4], or they may have an angular 
velocity © of their own [Sample Prob. 18.5]. 


Recall the following from the preceding lesson: 

a. If the principal axes of inertia of the body at G are known, use these 
axes as coordinate axes x’, y’, and z’, since the corresponding products of inertia 
of the body will be equal to zero. (Note that if the body is axisymmetric, these 
axes do not need to be rigidly attached to the body.) Resolve w into components 
@,, @,', and w, along these axes and compute the principal moments of inertia 

and I... The corresponding components of the angular momentum Hg are 


Ty, Ly, 
Hy =Iyo, Hy =Iyoy — Hy = Taz (18.10) 


b. If the principal axes of inertia of the body at G are not known, you 
must use Eqs. (18.7) to determine the components of the angular momentum He. 
These equations require your prior computation of the products of inertia of the 
body, as well as of its moments of inertia, with respect to the selected axes. 


(continued) 
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2. Compute the rate of change Hg of the angular momentum Hg with respect 
to the frame GX'Y'Z’. Note that this frame has a fixed orientation, while the 
frame Gx'y'z' you used when you calculated the components of the vector @ was 
a rotating frame. We refer you to our discussion in Sec. 15.10 of the rate of change 
of a vector with respect to a rotating frame. Recalling Eq. (15.31), you will express 
the rate of change Hg as follows: 


Hg = (He) cr'y' + QO X He (18.22) 


The first term in the right-hand member of Eq. (18.22) represents the rate of 
change of Hg with respect to the rotating frame Gx'y’z'. This term will drop out 
if w—and, thus, Hc—remain constant in both magnitude and direction when 
viewed from that frame. On the other hand, if any of the time derivatives 
@y, @,', and w,) is different from zero, (He)cx'y'’ will also be different from zero, 
and its components should be determined by differentiating Eqs. (18.10) with 
respect to t. Finally, we remind you that if the rotating frame is rigidly attached 
to the body, its angular velocity will be the same as that of the body, and Q can 
be replaced by w. 


3. Draw the free-body-diagram equation for the rigid body, showing that the 
system of the external forces exerted,on the body is equivalent to the vector ma 
applied at G and the couple vector Hg (Fig. 18.11). By equating components in 
any direction and moments about any point, you can write as many as six inde- 
pendent scalar equations of motion [Sample Probs. 18.3 and 18.5]. 


4. When solving problems involving the motion of a rigid body about a fixed 
point O, you may find it convenient to use the following equation, derived in Sec. 
18.7, which eliminates the components of the reaction at the support O, 


=Mo = (Ho) onyz + O X Ho (18.28) 


where the first term in the right-hand member represents the rate of change of 
Ho with respect to the rotating frame Oxyz, and where Q is the angular velocity 
of that frame. 


5. When determining the reactions at the bearings of a rotating shaft, use 
Eq. (18.28) and take the following steps: 

a. Place the fixed point O at one of the two bearings supporting the shaft 
and attach the rotating frame Oxyz to the shaft, with one of the axes directed along 
it. Assuming, for instance, that the x axis has been aligned with the shaft, you will 
have © = w = wi [Sample Prob. 18.4]. 


b. Since the selected axes, usually, will not be the principal axes of 
inertia at O, you must compute the products of inertia of the shaft, as well as its 
moments of inertia, with respect to these axes, and use Eqs. (18.13) to determine 
Ho. Assuming again that the x axis has been aligned with the shaft, Eqs. (18.13) 
reduce to 


H,.=Io  H, 


y = Lyx H, _ —1.@ (18.13') 


which shows that Ho will not be directed along the shaft. 

c. To obtain Ho, substitute the expressions obtained into Eq. (18.28), and 
let © = @ = ai. If the angular velocity of the shaft is constant, the first term in 
the right-hand member of the equation will drop out. However, if the shaft has 
an angular acceleration a@ = ai, the first term will not be zero and must be deter- 
mined by differentiating with respect to t the expressions in (18.13'). The result 
will be equations similar to Eqs. (18.13’), with w replaced by a. 

d. Since point O coincides with one of the bearings, the three scalar equa- 
tions corresponding to Eq. (18.28) can be solved for the components of the dynamic 
reaction at the other bearing. If the mass center G of the shaft is located on the 
line joining the two bearings, the effective force ma will be zero. Drawing the 
free-body-diagram equation of the shaft, you will then observe that the compo- 
nents of the dynamic reaction at the first bearing must be equal and opposite to 
those you have just determined. If G is not located on the line joining the two 
bearings, you can determine the reaction at the first bearing by placing the fixed 
point O at the second bearing and repeating the earlier procedure [Sample Prob. 
18.4]; or you can obtain additional equations of motion from the free-body-diagram 
equation of the shaft, making sure to first determine and include the effective 
force ma applied at G. 

e. Most problems call for the determination of the “dynamic reactions” at 
the bearings, that is, for the additional forces exerted by the bearings on the shaft 
when the shaft is rotating. When determining dynamic reactions, ignore the effect 
of static loads, such as the weight of the shaft. 
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PROBLEMS 


18.55 Determine the rate of change Hp of the angular momentum Hp 
of the assembly of Prob. 18.1. 


18.56 Determine the rate of change He of the angular momentum Hg 
of the disk of Prob. 18.2. 


18.57 Determine the rate of change H, of the angular momentum Hy 
of the plate of Prob. 18.3, knowing that its angular velocity w 
remains constant. 


18.58 Determine the rate of change H, of the angular momentum Hg 
of the disk of Prob. 18.4. 


18.59 Determine the rate of change H, of the angular momentum Hg 
of the disk of Prob. 18.5. 


18.60 Determine the rate of change H, of the angular momentum Hy 
of the disk of Prob. 18.6. 


18.61 Determine the rate of change Hp of the angular momentum Hp 
of the assembly of Prob. 18.1, assuming that at the instant consid- 
ered the assembly has an angular velocity w = (12 rad/s)i and an 
angular acceleration a = (96 rad/s*)i. 


18.62 Determine the rate of change H, of the angular momentum Hp 

of the assembly of Prob. 18.1, assuming that at the instant consid- 
y ered the assembly has an angular velocity w = (12 rad/s)i and an 
angular acceleration a = —(96 rad/s)i. 


Fig. P18.65 


18.63 Determine the rate of change H, of the angular momentum Hy 
of the assembly of the plate of Prob. 18.3, assuming that it has an 
angular velocity # = aj and an angular acceleration a@ = aj. 


18.64 Determine the rate of change H, of the angular momentum Hg 
of the disk of Prob. 18.4, assuming that at the instant considered 
the assembly has an angular velocity # = wj and an angular accel- 
eration @ = aj. 


18.65 A thin homogeneous triangular plate of mass 2.5 kg is welded to 
a light vertical axle supported by bearings at A and B. Knowing 
that the plate rotates at the constant rate w = 8 rad/s, determine 
the dynamic reactions at A and B. 


18.66 A slender, uniform rod AB of mass m and a vertical shaft CD, each 
of length 2b, are welded together at their midpoints G. Knowing 
that the shaft rotates at the constant rate w, determine the dynamic 

Fig. P18.66 reactions at C and D. 
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18.67 


18.68 


18.69 


18.70 


18.71 


18.72 


The 16-lb shaft shown has a uniform cross section. Knowing that 
the shaft rotates at the constant rate w = 12 rad/s, determine the 
dynamic reactions at A and B. 


The assembly shown consists of pieces of sheet aluminum of uni- 
form thickness and of total weight 2.7 Ib welded to a light axle 
supported by bearings at A and B. Knowing that the assembly 
rotates at the constant rate @ = 240 rpm, determine the dynamic 
reactions at A and B. 


Fig. P18.68 


When the 18-kg wheel shown is attached to a balancing machine 
and made to spin at a rate of 12.5 rev/s, it is found that the forces 
exerted by the wheel on the machine are equivalent to a force- 
couple system consisting of a force F = (160 N)j applied at C and 
a couple Mc = (14.7 N - m)k, where the unit vectors form a triad 
which rotates with the wheel. (a) Determine the distance from the 
axis of rotation to the mass center of the wheel and the products 
of inertia I, and I... (b) If only two corrective masses are to be 
used to balance the wheel statically and dynamically, what should 
these masses be and at which of the points A, B, D, or E should 
they be placed? 


After attaching the 18-kg wheel shown to a balancing machine and 
making it spin at the rate of 15 rev/s, a mechanic has found that 
to balance the wheel both statically and dynamically, he should 
use two corrective masses, a 170-g mass placed at B and a 56-g 
mass placed at D. Using a right-handed frame of reference rotating 
with the wheel (with the z axis perpendicular to the plane of the 
figure), determine before the corrective masses have been attached 
(a) the distance from the axis of rotation to the mass center of the 
wheel and the products of inertia I, and I.,, (b) the force-couple 
system at C equivalent to the forces exerted by the wheel on the 
machine. 


Knowing that the plate of Prob. 18.65 is initially at rest (w = 0) 
when a couple of moment My = (0.75 N - m)j is applied to it, 
determine (a) the resulting angular acceleration of the plate, 
(b) the dynamics reactions A and B immediately after the couple 
has been applied. 


Knowing that the assembly of Prob. 18.66 is initially at rest (w = 0) 
when a couple of moment My = Mj is applied to shaft CD, deter- 
mine (a) the resulting angular acceleration of the assembly, (b) the 
dynamic reactions at C and D immediately after the couple is 


applied. 


Fig. P18.67 
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Fig. P18.77 


18.73 


18.74 


18.75 


18.76 


18.77 


18.78 


The sheet-metal component shown is of uniform thickness and has 
a mass of 600 g. It is attached to a light axle supported by bearings 
at A and B located 150 mm apart. The component is at rest when 
it is subjected to a couple Mo as shown. If the resulting angular 
acceleration is a = (12 rad/s”)k, determine (a) the couple Mo, 
(b) the dynamic reactions A and B immediately after the couple 
has been applied. 


Fig. P18.73 


For the sheet-metal component of Prob. 18.73, determine (a) the 
angular velocity of the component 0.6 s after the couple Mo has 
been applied to it, (b) the magnitude of the dynamic reactions at 
A and B at that time. 


The shaft of Prob. 18.67 is initially at rest (w = 0) when a couple 
M,) is applied to it. Knowing that the resulting angular accelera- 
tion of the shaft is a = (20 rad/s”)i, determine (a) the couple Mo, 
(b) the dynamic reactions at A and B immediately after the cou- 


ple is applied. 


The assembly of Prob. 18.68 is initially at rest (wo = 0) when a 
couple Mp is applied to axle AB. Knowing that the resulting angu- 
lar acceleration of the assembly is a = (150 rad/s”)i, determine 
(a) the couple Mo, (b) the dynamic reactions at A and B immedi- 
ately after the couple is applied. 


The assembly shown weighs 12 lb and consists of 4 thin 16-in.- 
diameter semicircular aluminum plates welded to a light 40-in.- 
long shaft AB. The assembly is at rest (w = 0) at time t = 0 when 
a couple Mp is applied to it as shown, causing the assembly to 
complete one full revolution in 2 s. Determine (a) the couple Mo, 
(b) the dynamic reactions at A and B at t = 0. 


For the assembly of Prob. 18.77, determine the dynamic reactions 
at A and B att = 2s. 


18.79 


18.80 


18.81 


18.82 


18.83 


18.84 


The flywheel of an automobile engine, which is rigidly attached to 
the crankshaft, is equivalent to a 400-mm-diameter, 15-mm-thick 
steel plate. Determine the magnitude of the couple exerted by the 
flywheel on the horizontal crankshaft as the automobile travels 
around an unbanked curve of 200-m radius at a speed of 90 km/h, 
with the flywheel rotating at 2700 rpm. Assume the automobile to 
have (a) a rear-wheel drive with the engine mounted longitudinally, 
(b) a front-wheel drive with the engine mounted transversely. 
(Density of steel = 7860 kg/m?) 


A four-bladed airplane propeller has a mass of 160 kg and a radius 
of gyration of 800 mm. Knowing that the propeller rotates at 
1600 rpm as the airplane is traveling in a circular path of 600-m 
radius at 540 km/h, determine the magnitude of the couple exerted 
by the propeller on its shaft due to the rotation of the airplane. 


The blade of a portable saw and the rotor of its motor have a total 
weight of 2.5 lb and a combined radius of gyration of 1.5 in. Knowing 
that the blade rotates as shown at the rate w, = 1500 rpm, deter- 
mine the magnitude and direction of the couple M that a worker 
must exert on the handle of the saw to rotate it with a constant 
angular velocity w: = —(2.4 rad/s)j. 


The blade of an oscillating fan and the rotor of its motor have a total 
weight of 8 oz and a combined radius of gyration of 3 in. They are 
supported by bearings at A and B, 5 in. apart, and rotate at the rate 
@, = 1800 rpm. Determine the dynamic reactions at A and B when 
the motor casing has an angular velocity w. = (0.6 rad/s)j. 


Each wheel of an automobile has a mass of 22 kg, a diameter of 
575 mm, and a radius of gyration of 225 mm. The automobile 
travels around an unbanked curve of radius 150 m at a speed of 
95 km/h. Knowing that the transverse distance between the wheels 
is 1.5 m, determine the additional normal force exerted by the 
ground on each outside wheel due to the motion of the car. 


The essential structure of a certain type of aircraft turn indicator 
is shown. Each spring has a constant of 500 N/m, and the 200-g 
uniform disk of 40-mm radius spins at the rate of 10 000 rpm. The 
springs are stretched and exert equal vertical forces on yoke AB 
when the airplane is traveling in a straight path. Determine the 
angle through which the yoke will rotate when the pilot executes 
a horizontal turn of 750-m radius to the right at a speed of 
800 km/h. Indicate whether point A will move up or down. 


Fig. P18.84 


Fig. P18.82 
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18.86 


18.87 


Fig. P18.85 and P18.86 


18.88 


Fig. P18.89 


18.90 


A uniform semicircular plate of radius 120 mm is hinged at A and 
B to a clevis which rotates with a constant angular velocity w about 
a vertical axis. Determine (a) the angle B that the plate forms with 
the horizontal x axis when w = 15 rad/s, (b) the largest value of 
w for which the plate remains vertical (6 = 90°). 


A uniform semicircular plate of radius 120 mm is hinged at A and 
B to a clevis which rotates with a constant angular velocity w about 
a vertical axis. Determine the value of w for which the plate forms 
an angle B = 50° with the horizontal x axis. 


A slender rod is bent to form a square frame of side 6 in. The 
frame is attached by a collar at A to a vertical shaft which rotates 
with a constant angular velocity @. Determine (a) the angle B that 
line AB forms with the horizontal x axis when w = 9.8 rad/s, 
(b) the largest value of w for which B = 90°. 


Fig. P18.87 and P18.88 


A slender rod is bent to form a square frame of side 6 in. The 
frame is attached by a collar at A to a vertical shaft which rotates 
with a constant angular velocity w#. Determine the value of w 
for which line AB forms an angle B = 48° with the horizontal 
x axis. 


The 950-g gear A is constrained to roll on the fixed gear B, but is 
free to rotate about axle AD. Axle AD, of length 400 mm and 
negligible mass, is connected by a clevis to the vertical shaft DE 
which rotates as shown with a constant angular velocity w). Assum- 
ing that gear A can be approximated by a thin disk of radius 
80 mm, determine the largest allowable value of @, if gear A is not 
to lose contact with gear B. 


Determine the force F exerted by gear B on gear A of Prob. 18.89 
when shaft DE rotates with the constant angular velocity w, = 
4rad/s. (Hint: The force F must be perpendicular to the line 
drawn from D to C.) 


18.91 and 18.92 The slender rod AB is attached by a clevis to arm Problems 118] 
BCD which rotates with a constant angular velocity w about the 
centerline of its vertical portion CD. Determine the magnitude of 
the angular velocity w. 


Fig. P18.91 Fig. P18.92 


18.93 Two disks, each of mass 5 kg and radius 100 mm, spin as shown 
at the rate w; = 1500 rpm about a rod AB of negligible mass which 
rotates about a vertical axis at the rate w2 = 45 rpm. (a) Determine 
the dynamic reactions at C and D. (b) Solve part a assuming that 
the direction of spin of disk B is reversed. 


ld 
Fig. P18.93 and P18.94 


18.94 Two disks, each of mass 5 kg and radius 100 mm, spin as shown 
at the rate w; = 1500 rpm about a rod AB of negligible mass which 
rotates about a vertical axis at a rate w,. Determine the maximum 
allowable value of w, if the dynamic reactions at C and D are not 
to exceed 250 N each. 


1182 Kinetics of Rigid Bodies in Three Dimensions 18.95 The 10-0z disk shown spins at the rate w, = 750 rpm, while axle 
AB rotates as shown with an angular velocity @ of 6 rad/s. Deter- 
mine the dynamic reactions at A and B. 


Fig. P18.95 and P18.96 


18.96 The 10-0z disk shown spins at the rate w, = 750 rpm, while axle 
AB rotates as shown with an angular velocity w:. Determine the 
maximum allowable magnitude of @, if the dynamic reactions at 
A and B are not to exceed 0.25 lb each. 


18.97 A thin disk of weight W = 10 lb rotates with an angular velocity 
@, with respect to arm ABC, which itself rotates with an angular 
velocity @) about the y axis. Knowing that w, = 5 rad/s and w. = 
15 rad/s and that both are constant, determine the force-couple 

Fig. P18.97 system representing the dynamic reaction at the support at A. 


18.98 A homogeneous disk of weight W = 6 lb rotates at the constant 
rate w, = 16 rad/s with respect to arm ABC, which is welded to 
a shaft DCE rotating at the constant rate w: = 8 rad/s. Determine 
the dynamic reactions at D and E. 


y r= 8in. 


Fig. P18.98 


*18.99 A 48-ke advertising panel of length 2a = 2.4 m and width 2b = 1.6m 
is kept rotating at a constant rate w, about its horizontal axis by a 
small electric motor attached at A to frame ACB. This frame itself 
is kept rotating at a constant rate w, about a vertical axis by a 
second motor attached at C to the column CD. Knowing that the 
panel and the frame complete a full revolution in 6 s and 12 s, 
respectively, express, as a function of the angle 6, the dynamic 

Fig. P18.99 reaction exerted on column CD by its support at D. 


*18.100 For the system of Prob. 18.99, show that (a) the dynamic reaction 


18.101 


at D is independent of the length 2a of the panel, (b) the ratio 
M,/Mg of the magnitudes of the couples exerted by the motors at 
A and C, respectively, is independent of the dimensions and mass 
of the panel and is equal to w:/2@, at any given instant. 


A 3-kg homogeneous disk of radius 60 mm spins as shown at the 
constant rate @, = 60 rad/s. The disk is supported by the fork- 
ended rod AB, which is welded to the vertical shaft CBD. The 
system is at rest when a couple My = (0.40 N - m)j is applied to 
the shaft for 2 s and then removed. Determine the dynamic reac- 
tions at C and D after the couple has been removed. 


18.102 A 3-kg homogeneous disk of radius 60 mm spins as shown at the 


constant rate @, = 60 rad/s. The disk is supported by the fork- 
ended rod AB, which is welded to the vertical shaft CBD. The 
system is at rest when a couple Mp is applied as shown to the shaft 
for 3 s and then removed. Knowing that the maximum angular veloc- 
ity reached by the shaft is 18 rad/s, determine (a) the couple Mo, 
(b) the dynamic reactions at C and D after the couple has been 
removed. 


18.103 For the disk of Prob. 18.97, determine (a) the couple Mj which 


should be applied to arm ABC to give it an angular acceleration 
@, = —(7.5 rad/s*)j when @, = 5 rad/s, knowing that the disk 
rotates at the constant rate w. = 15 rad/s, (b) the force-couple 
system representing the dynamic reaction at A at that instant. 
Assume that ABC has a negligible mass. 


18.104 It is assumed that at the instant shown shaft DCE of Prob. 18.98 


has an angular velocity @» = (8 rad/s)i and an angular acceleration 
a, = (6 rad/s”)i. Recalling that the disk rotates with a constant 
angular velocity @, = (16 rad/s)j, determine (a) the couple which 
must be applied to shaft DCE to produce the given angular accel- 
eration, (b) the corresponding dynamic reactions at D and E. 


18.105 A 2.5-kg homogeneous disk of radius 80 mm rotates with an angular 


velocity @, with respect to arm ABC, which is welded to a shaft 
DCE rotating as shown at the constant rate w. = 12 rad/s. Friction 
in the bearing at A causes @ to decrease at the rate of 15 rad/s”. 
Determine the dynamic reactions at D and E at a time when @, has 
decreased to 50 rad/s. 


*18.106 A slender homogeneous rod AB of mass m and length L is made 


to rotate at a constant rate wy about the horizontal z axis, while 
frame CD is made to rotate at the constant rate @, about the 
y axis. Express as a function of the angle @ (a) the couple M; 
required to maintain the rotation of the frame, (b) the couple Ms 
required to maintain the rotation of the rod, (c) the dynamic reac- 
tions at the supports C and D. 


Problems | 183 


100 mm 


Fig. P18.101 and P18.102 


Fig. P18.106 
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*18.9 MOTION OF A GYROSCOPE. EULERIAN ANGLES 


A gyroscope consists essentially of a rotor which can spin freely 
about its geometric axis. When mounted in a Cardan’s suspension 
(Fig. 18.15), a gyroscope can assume any orientation, but its mass 
center must remain fixed in space. In order to define the position 
of a gyroscope at a given instant, let us select a fixed frame of ref- 
erence OXYZ, with the origin O located at the mass center of the 
gyroscope and the Z axis directed along the line defined by the 
bearings A and A’ of the outer gimbal. We will consider a reference 
position of the gyroscope in which the two gimbals and a given 
diameter DD’ of the rotor are located in the fixed YZ plane (Fig. 
18.15a). The gyroscope can be brought from this reference position 
into any arbitrary position (Fig. 18.15b) by means of the following 
steps: (1) a rotation of the outer gimbal through an angle ¢ about 
the axis AA’, (2) a rotation of the inner gimbal through 6 about 
BB’, and (3) a rotation of the rotor through w about CC’. The 
angles #, 0, and w are called the Eulerian angles; they completely 
characterize the position of the gyroscope at any given instant. 
Their derivatives ¢, 6, and define, respectively, the rate of pre- 
cession, the rate of nutation, and the rate of spin of the gyroscope 
at the instant considered. 

In order to compute the components of the angular velocity 
and of the angular momentum of the gyroscope, we will use a rotat- 
ing system of axes Oxyz attached to the inner gimbal, with the y axis 
along BB’ and the z axis along CC’ (Fig. 18.16). These axes are 
principal axes of inertia for the gyroscope. While they follow it in its 
precession and nutation, however, they do not spin; for that reason, 
they are more convenient to use than axes actually attached to the 
gyroscope. The angular velocity w of the gyroscope with respect to 
the fixed frame of reference OXYZ will now be expressed as the sum 
of three partial angular velocities corresponding, respectively, to the 
precession, the nutation, and the spin of the gyroscope. Denoting by 
i, j, and k the unit vectors along the rotating axes, and by K the unit 
vector along the fixed Z axis, we have 


wo = $K + 6j + vk (18.33) 
Since the vector components obtained for w in (18.33) are not 
orthogonal (Fig. 18.16), the unit vector K will be resolved into com- 
ponents along the x and z axes; we write 


K = —sin 0i+ cos 0k (18.34) 


and, substituting for K into (18.33), 
wo = —¢ sin 0i + Oj + (hb + & cos Ok (18.35) 


Since the coordinate axes are principal axes of inertia, the compo- 
nents of the angular momentum Ho can be obtained by multiplying 


the components of # by the moments of inertia of the rotor about 
the x, y, and z axes, respectively. Denoting by I the moment of inertia 
of the rotor about its spin axis, by I’ its moment of inertia about a 
transverse axis through O, and neglecting the mass of the gimbals, 
we write 


(hb + bcos #)k —(18.36) 


Recalling that the rotating axes are attached to the inner gimbal 
and thus do not spin, we express their angular velocity as the sum 


QO = 6K + 6j (18.37) 


or, substituting for K from (18.34), 
QO = -¢ sin 0i + Oj + b cos Ok (18.38) 


Substituting for Ho and © from (18.36) and (18.38) into the 
equation 


Mo = (Ho)ow: + 2 X Ho (18.28) 
we obtain the three differential equations 


=M, = -I'(¢ sin 6 + 20d cos 0) th 10 (W = db cos 7) 
=M, = 1'(0 — ¢° sin 6 cos 0) + Id sin 0 (bh + & cos 8) (18.39) 


y 


EM. = 12 + cos 6) 


The equations (18.39) define the motion of a gyroscope sub- 
jected to a given system of forces when the mass of its gimbals is 
neglected. They can also be used to define the motion of an axisym- 
metrical body (or body of revolution) attached at a point on its axis 
of symmetry, and to define the motion of an axisymmetrical body 
about its mass center. While the gimbals of the gyroscope helped us 
visualize the Eulerian angles, it is clear that these angles can be used 
to define the position of any rigid body with respect to axes centered 
at a point of the body, regardless of the way in which the body is 
actually supported. 

Since the equations (18.39) are nonlinear, it will not be possi- 
ble, in general, to express the Eulerian angles ¢, 6, and w as analyti- 
cal functions of the time ¢, and numerical methods of solution may 
have to be used. However, as you will see in the following sections, 
there are several particular cases of interest which can be analyzed 
easily. 
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ngles 


Photo 18.5 A gyroscope can be used 
for measuring orientation and is capable of 
maintaining the same absolute direction in space. 
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z Let us now investigate the particular case, of gyroscopic motion in 
which the angle 0, the rate of precession @ , and the rate of spin 
remain constant. We propose to determine the forces which must be 
applied to the gyroscope to maintain this motion, known as the 
steady precession of a gyroscope. 

Instead of applying the general equations (18.39), we will deter- 
mine the sum of the moments of the required forces by computing 
the rate of change of the angular momentum of the gyroscope in 
the particular case considered. We first note that the angular velocity 
w of the gyroscope, its angular momentum Ho, and the angular 
velocity © of the rotating frame of reference (Fig. 18.17) reduce, 
respectively, to 


w = —f sin0i+ wk (18.40) 

Ho = —I'¢ sin 0i + Iw.k (18.41) 

QO, = —¢ sin 0i+ ¢ cos 60k (18.42) 

where w. = wp + db cos 6 = rectangular component along spin axis 


of total angular velocity of gyroscope 


Since 6, @, and yw are constant, the vector Ho is constant in magni- 
tude and direction with respect to the rotating frame of reference 
and its rate of change (Ho)o.; with respect to that frame is zero. 
Thus Eq. (18.28) reduces to 


=XMo =0x Ho (18.43) 
which yields, after substitutions from (18.41) and (18.42), 


=Mo = (lw, — l'o cos 0) sin 0 j (18.44) 


Since the mass center of the gyroscope is fixed in space, we 
have, by (18.1), 2F = 0; thus, the forces which must be applied to 
the gyroscope to maintain its steady precession reduce to a couple 
of moment equal to the right-hand member of Eq. (18.44). We note 
that this couple should be applied about an axis perpendicular to the 
precession axis and to the spin axis of the gyroscope (Fig. 18.18). 

In the particular case when the precession axis and the spin 
axis are at a right angle to each other, we have 6 = 90° and Eq. 
(18.44) reduces to 


Z 
_— Precession axis 


oK Couple axis 


=Mo = Iv dbj (18.45) 


Thus, if we apply to the gyroscope a couple Mo about an axis per- 
pendicular to its axis of spin, the gyroscope will precess about an axis 
perpendicular to both the spin axis and the couple axis, in a sense 
such that the vectors representing the spin, the couple, and the pre- 
cession, respectively, form a right-handed triad (Fig. 18.19). 
Because of the relatively large couples required to change the 
Fig. 18.19 orientation of their axles, gyroscopes are used as stabilizers in torpedoes 


and ships. Spinning bullets and shells remain tangent to their trajec- 
tory because of gyroscopic action. And a bicycle is easier to keep 
balanced at high speeds because of the stabilizing effect of its spin- 
ning wheels. However, gyroscopic action is not always welcome and 
must be taken into account in the design of bearings supporting 
rotating shafts subjected to forced precession. The reactions exerted 
by its propellers on an airplane which changes its direction of flight 
must also be taken into consideration and compensated for whenever 


possible. 


*18.11 MOTION OF AN AXISYMMETRICAL BODY 
UNDER NO FORCE 


In this section you will analyze the motion about its mass center of 
an axisymmetrical body under no force except its own weight. Exam- 
ples of such a motion are furnished by projectiles, if air resistance is 
neglected, and by artificial satellites and space vehicles after burnout 
of their launching rockets. 

Since the sum of the moments of the external forces about the 
mass center G of the body is zero, Eq. (18.2) yields He = 0. It fol- 
lows that the angular momentum Hg of the body about G is con- 
stant. Thus, the direction of Hg is fixed in space and can be used to 
define the Z axis, or axis of precession (Fig. 18.20). Selecting a rotat- 
ing system of axes Gxyz with the z axis along the axis of symmetry 
of the body, the x axis in the plane defined by the Z and z axes, and 


the y axis pointing away from you, we have 
H, = —Hg sin 6 Hy, = 9 H.=Hgcos@ (18.46) 


where @ represents the angle formed by the Z and z axes, and Hg 
denotes the constant magnitude of the angular momentum of the 
body about G. Since the x, y, and z axes are principal axes of inertia 
for the body considered, we can write 


H, = T'ox H, = I'e, H,=Iw, (18.47) 


where I denotes the moment of inertia of the body about its axis of 
symmetry and I’ denotes its moment of inertia about a transverse 
axis through G. It follows from Eqs. (18.46) and (18.47) that 


Hg sin 0 He cos 6 
=, SS, Oo, = 0) (Oy) — 


18.48 
ig y I Obst) 


WO, = 


The second of the relations obtained shows that the angular velocity 
w has no component along the y axis, i.e., along an axis perpendicu- 
lar to the Zz plane. Thus, the angle @ formed by the Z and z axes 
remains constant and the body is in steady precession about the 
Z axis. 

Dividing the first and third of the relations (18.48) member by 
member, and observing from Fig. 18.21 that —w,/w, = tan y, we 
obtain the following relation between the angles y and @ that the 
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under No Force 


Z 


Fixed direction eH 


Fig. 18.20 
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Space cone 


Fig. 18.23 


Fig. 18.24 


Body cone 


i 


Body cone 


Fixed direction . ae 
ae Fixed direction 
an Z=z Z Yo 


Fig. 18.22 


vectors w and He, respectively, form with the axis of symmetry of 


the body: 


I 
tan y = T tan 0 (18.49) 


There are two particular cases of motion of an axisymmetrical body 
under no force which involve no precession: (1) If the body is set 
to spin about its axis of symmetry, we have w, = 0 and, by (18.47), 
H, = 0; the vectors w and Hg have the same orientation and the 
body keeps spinning about its axis of symmetry (Fig. 18.22a). (2) If 
the body is set to spin about a transverse axis, we have w, = 0 
and, by (18.47), H. = 0; again w and Hg have the same orientation 
and the body keeps spinning about the given transverse axis (Fig. 
18.22b). 

Considering now the general case represented in Fig. 18.21, 
we recall from Sec. 15.12 that the motion of a body about a fixed 
point—or about its mass center—can be represented by the motion 
of a body cone rolling on a space cone. In the case of steady preces- 
sion, the two cones are circular, since the angles y and 6 — y that 
the angular velocity w forms, respectively, with the axis of symmetry 
of the body and with the precession axis are constant. Two cases 


should be distinguished: 


1. I <I’. This is the case of an elongated body, such as the space 
vehicle of Fig. 18.23. By (18.49) we have y < 9; the vector w 
lies inside the angle ZGz; the space cone and the body cone 
are tangent externally; the spin and the precession are both 
observed as counterclockwise from the positive z axis. The pre- 
cession is said to be direct. 

2. I > I'. This is the case of a flattened body, such as the satellite 
of Fig. 18.24. By (18.49) we have y > 6; since the vector @ 
must lie outside the angle ZGz, the vector wk has a sense 
opposite to that of the z axis; the space cone is inside the body 
cone; the precession and the spin have opposite senses. The 
precession is said to be retrograde. 


SAMPLE PROBLEM 18.6 


A space satellite of mass m is known to be dynamically equivalent to two thin 
disks of equal mass. The disks are of radius a = 800 mm and are rigidly con- 
nected by a light rod of length 2a. Initially the satellite is spinning freely about 
its axis of symmetry at the rate w) = 60 rpm. A meteorite, of mass my = 
m/1000 and traveling with a velocity vj of 2000 m/s relative to the satellite, 
strikes the satellite and becomes embedded at C. Determine (a) the angular 
velocity of the satellite immediately after impact, (b) the precession axis of the 
ensuing motion, (c) the rates of precession and spin of the ensuing motion. 


SOLUTION 


Moments of Inertia. We note that the axes shown are principal axes of 
inertia for the satellite and write 


t= i= sma 1 Nee 2[4(5m)a® + (5m)a?] = 3ma? 


Principle of Impulse and Momentum. We consider the satellite and the 
_ meteorite as a single system. Since no external force acts on this system, 
“ the momenta before and after impact are equipollent. Taking moments 
about G, we write 

—aj X movok + Iwok = He 


He = ~mptoai + Iaok (1) 
Moo Angular Velocity after Impact. Substituting the values obtained for the 

components of Hg and for the moments of inertia into 

ue ‘ Hate, th Sik JL Slay 
a ; we write 
@ uf —movot = I'w, = 2ma?a, OS le, Tay = Iw: 
4 
Il oe _ & Movo @y = 0 WO. = W (2) 
y 5 ma $ 
G 2% For the satellite considered we have wy) = 60 rpm = 6.283 rad/s, mo/m = 
ja @ = 0.800 m, and vy = 2000 m/s; we find 
@, = —2 rad/s ow, = 0 @, = 6.283 rad/s 
———s =i. 
wo = Vo? + w2 = 6.594 rad/s tan y = —* = +0.3183 


w = 63.0 rpm y= 17.7 <4 
Precession Axis. Since in free motion the direction of the angular momen- 
tum H¢ is fixed in space, the satellite will precess about this direction. The 
angle @ formed by the precession axis and the < axis is 
—H, mova =2Movo 


= = = 0.796 6 = 38.5° 
ee Jal. Iwo Maw : s 


Rates of Precession and Spin. We sketch the space and body cones for 
the free motion of the satellite. Using the law of sines, we compute the rates 
of precession and spin. 
ra) b Ww 
sn@  siny — sin (@— y) 
@ = 30.8 rpm y= 35.9 rpm <q 
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SOLVING PROBLEMS 
JN YOUR OWN 


L this lesson we analyzed the motion of gyroscopes and of other axisymmetrical 
bodies with a fixed point O. In order to define the position of these bodies at 
any given instant, we introduced the three Eulerian angles $, 0, and # (Fig. 18.15), 
and noted that their time derivatives define, respectively, the rate of precession, 
the rate of nutation, and the rate of spin (Fig. 18.16). The problems you will 
encounter fall into one of the following categories. 


1. Steady precession. This is the motion of a gyroscope or other axisymmetrical 
body with a fixed point located on its axis of symmetry, in which the angle 0, the 
rate of precession @, and the rate of spin w all remain constant. 

a. Using the rotating frame of reference Oxyz shown in Fig. 18.17, which 
precesses with the body, but does not spin with it, we obtained the following 
expressions for the angular velocity w of the body, its angular momentum Ho, and 
the angular velocity Q of the frame Oxyz: 


w = —d sin 0i+ wk (18.40) 
Ho = —I'¢ sin 0i + I wk (18.41) 
Q = —¢ sin 0i+ ¢ cos 0k (18.42) 


where I = moment of inertia of body about its axis of symmetry 
I' = moment of inertia of body about a transverse axis through O 
w. = rectangular component of w along z axis = w + cos 6 


b. The sum of the moments about O of the forces applied to the body is 
equal to the rate of change of its angular momentum, as expressed by Eq. 
(18.28). But, since 6 and the rates of change ¢ and # are constant, it follows from 
Eq. (18.41) that Ho remains constant in magnitude and direction when viewed 
from the frame Oxyz. Thus, its rate of change is zero with respect to that frame 
and you can write 


=Mo = QoQ x Ho (18.43) 


where © and Ho are defined, respectively by Eq. (18.42) and Eq. (18.41). The equa- 
tion obtained shows that the moment resultant at O of the forces applied to the body 
is perpendicular to both the axis of precession and the axis of spin (Fig. 18.18). 

c. Keep in mind that the method described applies, not only to gyroscopes, 
where the fixed point O coincides with the mass center G, but also to any axisym- 
metrical body with a fixed point O located on its axis of symmetry. This method, 
therefore, can be used to analyze the steady precession of a top on a rough 
floor. 

d. When an axisymmetrical body has no fixed point, but is in steady 
precession about its mass center G, you should draw a free-body-diagram equa- 
tion showing that the system of the external forces exerted on the body (including 
the body’s weight) is equivalent to the vector ma applied at G and the couple vector 


He. You can use Eqs. (18.40) through (18.42), replacing Ho with Hg, and express 
the moment of the couple as 


Ho = OQ x He 


You can then use the free-body-diagram equation to write as many as six indepen- 
dent scalar equations. 


2. Motion of an axisymmetrical body under no force, except its own weight. 
We have 2Mc = 0 and, thus, He = 0; it follows that the angular momentum He 
is constant in magnitude and direction (Sec. 18.11). The body is in steady preces- 
sion with the precession axis GZ directed along Hg (Fig. 18.20). Using the rotating 
frame Gxyz and denoting by y the angle that @ forms with the spin axis Gz (Fig. 
18.21), we obtained the following relation between y and the angle 6 formed by 
the precession and spin axes: 


£ 
tan y = ‘a tan 6 (18.49) 


The precession is said to be direct if I < I' (Fig. 18.23) and retrograde if I > I' 
(Fig. 18.24). 

a. In many of the problems dealing with the motion of an axisymmetrical body 
under no force, you will be asked to determine the precession axis and the rates of 
precession and spin of the body, knowing the magnitude of its angular velocity @ and 
the angle y that it forms with the axis of symmetry Gz (Fig. 18.21). From Eq. (18.49) 
you will determine the angle 6 that the precession axis GZ forms with Gz and resolve 
into its two oblique components @K and wk. Using the law of sines, you will then 
determine the rate of precession ¢ and the rate of spin w. 

b. In other problems, the body will be subjected to a given impulse and you 
will first determine the resulting angular momentum Hg. Using Eqs. (18.10), you 
will calculate the rectangular components of the angular velocity @, its magnitude 
w, and the angle y that it forms with the axis of symmetry. You will then determine 
the precession axis and the rates of precession and spin as described above [Sample 
Prob. 18.6]. 


3. General motion of an axisymmetric body with a fixed point O located on 
its axis of symmetry, and subjected only to its own weight. This is a motion 
in which the angle 6 is allowed to vary. At any given instant you should take into 
account the rate of precession ¢, the rate of spin yf, and the rate of nutation 8, 
none of which will remain constant. An example of such a motion is the motion 
of a top, which is discussed in Probs. 18.139 and 18.140. The rotating frame of 
reference Oxyz that you will use is still the one shown in Fig. 18.18, but this frame 
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will now rotate about the y axis at the rate 0. Equations (18.40), (18.41), and 
(18.42), therefore, should be replaced by the following equations: 


w= —¢ sin 61 + 6j + (Wy + cos @) k (18.40’) 
Ho = —I'¢ sin Oi + I'0j + Up + cos 6) k (18.41’) 
QO = —¢ sin 0i + Oj + d cos 6k (18.42’) 


Since substituting these expressions into Eq. (18.44) would lead to nonlinear dif- 
ferential equations, it is preferable, whenever feasible, to apply the following con- 
servation principles. 

a. Conservation of energy. Denoting by c the distance between the fixed point 
O and the mass center G of the body, and by E the total energy, you will write 


T+V=E: 5(I'w? + I'w, + Iw) + mgc cos0 = E 


and substitute for the components of w the expressions obtained in Eq. (18.40’). 
Note that c will be positive or negative, depending upon the position of G relative 
to O. Also, c = 0 if G coincides with O; the kinetic energy is then conserved. 

b. Conservation of the angular momentum about the axis of precession. 
Since the support at O is located on the Z axis, and since the weight of the body 
and the Z axis are both vertical and, thus, parallel to each other, it follows that 
x=Mz = 0 and, thus, that Hz remains constant. This can be expressed by writing 
that the scalar product K - Ho is constant, where K is the unit vector along the 
Z axis. 

c. Conservation of the angular momentum about the axis of spin. Since the 
support at O and the center of gravity G are both located on the z axis, it follows 
that 2M, = 0 and, thus, that H, remains constant. This is expressed by writing that 
the coefficient of the unit vector k in Eq. (18.41') is constant. Note that this last 
conservation principle cannot be applied when the body is restrained from spinning 
about its axis of symmetry, but in that case the only variables are @ and @. 


PROBLEMS 


18.107 A solid aluminum sphere of radius 3 in. is welded to the end of a 


6-in.-long rod AB of negligible mass which is supported by a ball- 
and-socket joint at A. Knowing that the sphere is observed to pre- 
cess about a vertical axis at the constant rate of 60 rpm in the 
sense indicated and that rod AB forms an angle B = 30° with the 
vertical, determine the rate of spin of the sphere about line AB. 


18.108 A solid aluminum sphere of radius 3 in. is welded to the end of a 


6-in.-long rod AB of negligible mass which is supported by a ball- 
and-socket joint at A. Knowing that the sphere spins as shown 
about line AB at the rate of 700 rpm, determine the angle B for 
which the sphere will precess about a vertical axis at the constant 
rate of 60 rpm in the sense indicated. 


18.109 A solid cone of height 9 in. with a circular base of radius 3 in, is 


18.110 


18.111 


18.112 


supported by a ball-and-socket joint at A. Knowing that the cone 
is observed to precess about the vertical axis AC at the constant 
rate of 40 rpm in the sense indicated and that its axis of symmetry 
AB forms an angle 8 = 40° with AC, determine the rate at which 
the cone spins about the axis AB. 


A solid cone of height 9 in. with a circular base of radius 3 in. is 
supported by a ball-and-socket joint at A. Knowing that the cone 
is spinning about its axis of symmetry AB at the rate of 3000 rpm 
and that AB forms an angle B = 60° with the vertical axis AC, 
determine the two possible rates of steady precession of the cone 
about the axis AC. 


The 85-g top shown is supported at the fixed point O. The radii 
of gyration of the top with respect to its axis of symmetry and 
with respect to a transverse axis through O are 21 mm and 45 mm, 
respectively. Knowing that c = 37.5 mm and that the rate of 
spin of the top about its axis of symmetry is 1800 rpm, deter- 
mine the two possible rates of steady precession corresponding 
to 8 = 30°. 


The top shown is supported at the fixed point O and its moments 
of inertia about its axis of symmetry and about a transverse axis 
through O are denoted, respectively, by I and I’. (a) Show that the 
condition for steady precession of the top is 


(Iw, — I'd cos 0) = We 


where ¢ is the rate of precession and @, is the rectangular compo- 
nent of the angular velocity along the axis of symmetry of the top. 
(b) Show that if the rate of spin ys of the top is very large com- 
pared with its rate of precession ¢, the condition for steady preces- 
sion is Ilys ~ We. (c) Determine the percentage error introduced 
when this last relation is used to approximate the slower of the two 
rates of precession obtained for the top of Prob. 18.111. 


Fig. P18.111 and P18.112 
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Fig. P18.115 and P18.116 


18.113 


18.114 


18.115 


18.116 


18.117 


A solid cube of side c = 80 mm is attached as shown to cord AB. 
It is observed to spin at the rate Ww = 40 rad/s about its diagonal 
BC and to precess at the constant rate ¢ = 5 rad/s about the verti- 
cal axis AD. Knowing that B = 30°, determine the angle 6 that 
the diagonal BC forms with the vertical. (Hint: The moment of 
inertia of a cube about an axis through its center is independent 
of the orientation of that axis.) 


A solid cube of side c = 120 mm is attached as shown to a cord 
AB of length 240 mm. The cube spins about its diagonal BC and 
precesses about the vertical axis AD. Knowing that 6 = 25° and 
B = 40°, determine (a) the rate of spin of the cube, (b) its rate of 
precession. (See hint of Prob. 18.113.) 


A solid sphere of radius c = 3 in. is attached as shown to cord AB. 
The sphere is observed to precess at the constant rate = 6 rad/s 
about the vertical axis AD. Knowing that B = 40°, determine the 
angle 6 that the diameter BC forms with the vertical when the sphere 
(a) has no spin, (b) spins about its diameter BC at the rate ~ = 
50 rad/s, (c) spins about BC at the rate pb = —50 rad/s. 


A solid sphere of radius c = 3 in. is attached as shown to a cord 
AB of length 15 in. The sphere spins about its diameter BC and 
precesses about the vertical axis AD. Knowing that 6 = 20° and 
B = 35°, determine (a) the rate of spin of the sphere, (b) its rate 
of precession. 


If the earth were a sphere, the gravitational attraction of the sun, 
moon, and planets would at all times be equivalent to a single 
force R acting at the mass center of the earth. However, the earth 
is actually an oblate spheroid and the gravitational system acting 
on the earth is equivalent to a force R and a couple M. Knowing 
that the effect of the couple M is to cause the axis of the earth 
to precess about the axis GA at the rate of one revolution in 
25 800 years, determine the average magnitude of the couple M 
applied to the earth. Assume that the average density of the earth 
is 5.51 g/em*, that the average radius of the earth is 6370 km, and 
that I = mr’. (Note: This forced precession is known as the pre- 
cession of the equinoxes and is not to be confused with the free 
precession discussed in Prob. 18.123.) 


| 23.45° 
Axis of 
precession Vy 


Fig. P18.117 


18.118 


18.119 


A high-speed photographic record shows that a certain projectile 
was fired with a horizontal velocity v of 600 m/s and with its axis 
of symmetry forming an angle B = 3° with the horizontal. The 
rate of spin of the projectile was 6000 rpm, and the atmospheric 
drag was equivalent to a force D of 120 N acting at the center of 
pressure Cp located at a distance c = 150 mm from G. (a) Knowing 
that the projectile has a mass of 20 kg and a radius of gyration of 
50 mm with respect to its axis of symmetry, determine its approxi- 
mate rate of steady precession. (b) If it is further known that the 
radius of gyration of the projectile with respect to a transverse axis 
through G is 200 mm, determine the exact values of the two pos- 
sible rates of precession. 


Show that for an axisymmetrical body under no force, the rates of 
precession and spin can be expressed, respectively, as 


and 


. Hecos d(I' — 1) 
— II’ 


where Hg is the constant value of the angular momentum of the 


body. 


18.120 (a) Show that for an axisymmetrical body under no force, the rate 


18.121 


18.122 


18.123 


of precession can be expressed as 


where w, is the rectangular component of @ along the axis of sym- 
metry of the body. (b) Use this result to check that the condition 
(18.44) for steady precession is satisfied by an axisymmetrical body 
under no force. 


Show that the angular velocity vector @ of an axisymmetrical body 
under no force is observed from the body itself to rotate about the 
axis of symmetry at the constant rate 
(I' — I) 
ep See, 
n 1’ Fs 
where w, is the rectangular component of w along the axis of 


symmetry of the body. 


For an axisymmetrical body under no force, prove (a) that the rate 
of retrograde precession can never be less than twice the rate of spin 
of the body about its axis of symmetry, (Db) that in Fig. 18.24 the axis 
of symmetry of the body can never lie within the space cone. 


Using the relation given in Prob. 18.121, determine the period of 
precession of the north pole of the earth about the axis of symmetry 
of the earth. The earth may be approximated by an oblate spheroid 
of axial moment of inertia I and of transverse moment of inertia I' 
= 0.99671. (Note: Actual observations show a period of precession 
of the north pole of about 432.5 mean solar days; the difference 
between the observed and computed periods is due to the fact that 
the earth is not a perfectly rigid body. The free precession consid- 
ered here should not be confused with the much slower precession 
of the equinoxes, which is a forced precession. See Prob. 18.117.) 


Fig. P18.118 
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1195 


1196 Kinetics of Rigid Bodies in Three Dimensions 18.124 The angular velocity vector of a football which has just been kicked 


18.125 


Fig. P18.125 


is horizontal, and its axis of symmetry OC is oriented as shown. 
Knowing that the magnitude of the angular velocity is 200 rpm 
and that the ratio of the axis and transverse moments of inertia is 
Vt = x, determine (a) the orientation of the axis of precession 
OA, (b) the rates of precession and spin. 


Cc 


15° 


Fig. P18.124 


A 2500-kg satellite is 2.4 m high and has octagonal bases of sides 
1.2 m. The coordinate axes shown are the principal centroidal axes 
of inertia of the satellite, and its radii of gyration are k, = k, = 
0.90 m and k, = 0.98 m. The satellite is equipped with a main 
500-N thruster E and four 20-N thrusters A, B, C, and D which 
can expel fuel in the positive y direction. The satellite is spinning 
at the rate of 36 rew/h about its axis of symmetry Gy, which main- 
tains a fixed direction in space, when thrusters A and B are acti- 
vated for 2 s. Determine (a) the precession axis of the satellite, 
(b) its rate of precession, (c) its rate of spin. 


18.126 Solve Prob. 18.125, assuming that thrusters A and D (instead of A 


Fig. P18.127 


and B) are activated for 2 s. 


18.127 An 800-lb geostationary satellite is spinning with an angular veloc- 


ity w = (1.5 rad/s)j when it is hit at B by a 6-oz meteorite traveling 
with a velocity vo = —(1600 ft/s)i + (1300 ft/s)j + (4000 ft/s)k 
relative to the satellite. Knowing that b = 20 in. and that the radii 
of gyration of the satellite are k, = k, = 28.8 in. andk, = 32.4 in., 
determine the precession axis and the rates of precession and spin 
of the satellite after the impact. 


18.128 Solve Prob. 18.127, assuming that the meteorite hits the satellite 


at A instead of B. 


18.129 A coin is tossed into the air. It is observed to spin at the rate of 


600 rpm about an axis GC perpendicular to the coin and to pre- 
cess about the vertical direction GD. Knowing that GC forms an 
angle of 15° with GD, determine (a) the angle that the angular 
velocity w of the coin forms with GD, (b) the rate of precession of 
the coin about GD. 


Fig. P18.129 


18.130 Solve Sample Prob. 18.6, assuming that the meteorite strikes the 


18.131 


18.132 


18.133 


satellite at C with a velocity vo = (2000 m/s)i. 


A homogeneous disk of mass m is connected at A and B to a fork- 
ended shaft of negligible mass which is supported by a bearing at 
C. The disk is free to rotate about its horizontal diameter AB and 
the shaft is free to rotate about a vertical axis through C. Initially 
the disk lies in a vertical plane (0) = 90°) and the shaft has an angu- 
lar velocity by = 8 rad/s. If the disk is slightly disturbed, determine 
for the ensuing motion (a) the minimum value of ¢, (b) the maxi- 
mum value of 0. 


The slender homogeneous rod AB of mass m and length L is free 
to rotate about a horizontal axle through its mass center G. The 
axle is supported by a frame of negligible mass which is free to 
rotate about the vertical CD. Knowing that, initially, 9 = 4, 
6 = 0, and ¢ = do, show that the rod will oscillate about the 
horizontal axle and determine (a) the range of values of angle @ 
during this motion, (b) the maximum value of 6, (c) the minimum 
value of ¢. 


A homogeneous rectangular plate of mass m and sides c and 2c 
is held at A and B by a fork-ended shaft of negligible mass which 
is supported by a bearing at C. The plate is free to rotate about 
AB, and the shaft is free to rotate about a horizontal axis through 
C. Knowing that, initially, 0) = 30°, 0) = 0, and do = 6 rad/s, 
determine for the ensuing motion (a) the range of values of 0, 
(b) the minimum value of ¢, (c) the maximum value of 6. 


Fig. P18.133 and P18.134 


18.134 A homogeneous rectangular plate of mass m and sides c and 2c is 


held at A and B by a fork-ended shaft of negligible mass which is 
supported by a bearing at C. The plate is free to rotate about AB, 
and the shaft is free to rotate about a horizontal axis through C. 
Initially the plate lies in the plane of the fork (@) = 0) and the shaft 
has an angular velocity ¢) = 6 rad/s. If the plate is slightly dis- 
turbed, determine for the ensuing motion (a) the minimum value 
of ¢, (b) the maximum value of 8. 


Fig. P18.132 
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1198 Kinetics of Rigid Bodies in Three Dimensions 18.135 A homogeneous disk of radius 180 mm is welded to a rod AG of 
length 360 mm and of negligible mass which is connected by a 
clevis to a vertical shaft AB. The rod and disk can rotate freely 

clys about a horizontal axis AC, and shaft AB can rotate freely about a 
vertical axis. Initially rod AG is horizontal (09 = 90°) and has no 
angular velocity about AC. Knowing that the maximum value 

_ @,, of the angular velocity of shaft AB in the ensuing motion is 

twice its initial value ¢o, determine (a) the minimum value of 6, 

(b) the initial angular velocity 9 of shaft AB. 


18.136 A homogeneous disk of radius 180 mm is welded to a rod AG of 
length 360 mm and of negligible mass which is connected by a 
clevis to a vertical shaft AB. The rod and disk can rotate freely 
about a horizontal axis AC, and shaft AB can rotate freely about a 
vertical axis. Initially rod AG is horizontal (09 = 90°) and has no 
angular velocity about AC. Knowing that the smallest value of 0 
in the ensuing motion is 30°, determine (a) the initial angular 
velocity of shaft AB, (b) its maximum angular velocity. 


360 mm 


Fig. P18.135 and P18.136 *18.137 A homogeneous disk of radius 180 mm is welded to a rod AG 
of length 360 mm and of negligible mass which is supported by a 
ball and socket at A. The disk is released with a rate of spin wo = 50 
rad/s, with zero rates of precession and nutation, and with rod AG 
horizontal (89 = 90°). Determine (a) the smallest value of @ in the 
ensuing motion, (b) the rates of precession and spin as the disk 
passes through its lowest position. 


360 mm 


r=180 mm 


Fig. P18.137 and P18.138 


*18.138 A homogeneous disk of radius 180 mm is welded to a rod AG of 
length 360 mm and of negligible mass which is supported by a ball 
and socket at A. The disk is released with a rate of spin ~, coun- 
terclockwise as seen from A, with zero rates of precession and 
nutation, and with rod AG horizontal (6) = 90°). Knowing that the 
smallest value of @ in the ensuing motion is 30°, determine (a) the 
rate of spin % of the disk in its initial position, (b) the rates of 
precession and spin as the disk passes through its lowest 
position. 


*18.139 


*18.140 


*18.141 


*18.142 


The top shown is supported at the fixed point O. Denoting 
by ¢, 6, and y% the Eulerian angles defining the position 
of the top with respect to a fixed frame of reference, 
consider the general motion of the top in which all Eulerian 
angles vary. 

(a) Observing that 2M; = 0 and 2M, = 0, and denoting 
by I and I’, respectively, the moments of inertia of the top about 
its axis of symmetry and about a transverse axis through O, 
derive the two first-order differential equations of motion 


I'd sin? 6 + Is = & cos 0) cos0 =a 
Ii + cos 6) = B 


where a@ and B are constants depending upon the initial conditions. 
These equations express that the angular momentum of the top is 
conserved about both the Z and < axes, i.e., that the rectangular 
component of Ho along each of these axes is constant. 

(b) Use Eqs. (1) and (2) to show that the rectangular com- 
ponent w, of the angular velocity of the top is constant and that 
the rate of precession ¢ depends upon the value of the angle of 
nutation 0. 


(a) Applying the principle of conservation of energy, derive a 
third differential equation for the general motion of the top of 
Prob. 18.139. : ; 

(b) Eliminating the derivatives ¢ and y from the equation 
obtained and from the two equations of Prob. 18.139, show that the 
rate of nutation 6 is defined by the differential equation 
6° = f(@), where 


1 B ) € — Bcos “y 
f(0) = r & 7 2mec cos 0 I'sind 


(c) Further show, by introducing the auxiliary variable 
x = cos 6, that the maximum and minimum values of 0 can 
be obtained by solving for x the cubic equation 


2 
(cx = 7 = 2mgex)(1 x”) . (a Bx)” =0 


A homogeneous sphere of mass m and radius a is welded to a rod 
AB of negligible mass, which is held by a ball-and-socket support 
at A. The sphere is released in the position B = 0 with a rate of 
precession dy) = V17g/1la with no spin or nutation. Determine 
the largest value of B in the ensuing motion. 


A homogeneous sphere of mass m and radius a is welded to a rod 
AB of negligible mass, which is held by a ball-and-socket support 
at A. The sphere is released in the position 8 = 0 with a rate of 
precession ¢ = dp with no spin or nutation. Knowing that the 
largest value of B in the ensuing motion is 30°, determine (a) the 
rate of precession do of the sphere in its initial position, (b) the rates 
of precession and spin when B = 30°. 


Fig. P18.139 and P18.140 


Fig. P18.141 and P18.142 
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*18.144 


*18.145 


Fig. P18.144 


*18.146 


Fig. P18.146 


Consider a rigid body of arbitrary shape which is attached at its 
mass center O and subjected to no force other than its weight and 
the reaction of the support at O. 

(a) Prove that the angular momentum Ho of the body about 
the fixed point O is constant in magnitude and direction, that the 
kinetic energy T of the body is constant, and that the projection 
along Ho of the angular velocity w of the body is constant. 

(b) Show that the tip of the vector w describes a curve on a 
fixed plane in space (called the invariable plane), which is perpen- 
dicular to Ho and at a distance 2T/Ho from O. 

(c) Show that with respect to a frame of reference attached to 
the body and coinciding with its principal axes of inertia, the tip of 
the vector @ appears to describe a curve on an ellipsoid of equation 


2 


2 
To, + Loy 


+ Lw? = 2T = constant 


The ellipsoid (called the Poinsot ellipsoid) is rigidly attached to 
the body and is of the same shape as the ellipsoid of inertia, but 
of a different size. 


Referring to Prob. 18.143, (@) prove that the Poinsot ellipsoid is tan- 
gent to the invariable plane, (b) show that the motion of the rigid 
body must be such that the Poinsot ellipsoid appears to roll on the 
invariable plane. [Hint: In part a, show that the normal to the 
Poinsot ellipsoid at the tip of w is parallel to Ho. It is recalled that 
the direction of the normal to a surface of equation F(x, y, z) = 
constant at a point P is the same as that of grad F at point P.] 


Using the results obtained in Probs. 18.143 and 18.144, show that for 
an axisymmetrical body attached at its mass center O and under no 
force other than its weight and the reaction at O, the Poinsot ellipsoid 
is an ellipsoid of revolution and the space and body cones are both 
circular and are tangent to each other. Further show that (a) the two 
cones are tangent externally, and the precession is direct, when I < 
I', where I and I’ denote, respectively, the axial and transverse moment 
of inertia of the body, (b) the space cone is inside the body cone, and 
the precession is retrograde, when I > I’. 


Refer to Probs. 18.143 and 18.144. 

(a) Show that the curve (called polhode) described by the tip 
of the vector w with respect to a frame of reference coinciding 
with the principal axes of inertia of the rigid body is defined by 


the equations 


Low + Io, + I.w? = 2T = constant (1) 
Lew? + Tia, + [202 = HZ = constant (2) 


and that this curve can, therefore, be obtained by intersecting the 
Poinsot ellipsoid with the ellipsoid defined by Eq. (2). 

(b) Further show, assuming I, > I, > I., that the polhodes 
obtained for various values of Ho have the shapes indicated in the 
figure. 

(c) Using the result obtained in part b, show that a rigid body 
under no force can rotate about a fixed centroidal axis if, and only 
if, that axis coincides with one of the principal axes of inertia of 
the body, and that the motion will be stable if the axis of rotation 
coincides with the major or minor axis of the Poinsot ellipsoid 
(z or x axis in the figure) and unstable if it coincides with the 
intermediate axis (y axis). 


REVIEW AND SUMMARY 


This chapter was devoted to the kinetic analysis of the motion of 
rigid bodies in three dimensions. 


We first noted [Sec. 18.1] that the two fundamental equations derived Fundamental equations of motion 


in Chap. 14 for the motion of a system of particles for a rigid body 
2F = ma (18.1) 
=Mco = He (18.2) 


provide the foundation of our analysis, just as they did in Chap. 16 
in the case of the plane motion of rigid bodies. The computation of 
the angular momentum Hg of the body and of its derivative Hg, 
however, are now considerably more involved. 


In Sec. 18.2, we saw that the rectangular components of the angular Angular momentum of a rigid body 
momentum Hg of a rigid body can be expressed as follows in terms in three dimensions 

of the components of its angular velocity w and of its centroidal 

moments and products of inertia: 


HH, = +I, a, — Tyo, — 1,0, 
By = S11 to, = Ty (18.7) 
H, = —I.0, — Tyo, + 1, @, 


If principal axes of inertia Gx'y'z' are used, these relations reduce to 
Hy = 10, Hy = Lywy H, =I,o, (18.10) 
We observed that, in general, the angular momentum Hg and the 
angular velocity @ do not have the same direction (Fig. 18.25). They 
will, however, have the same direction if w is directed along one of 
the principal axes of inertia of the body. 
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1202 Kinetics of Rigid Bodies in Three Dimensions 
Angular momentum about 


a given point 


Rigid body with a fixed point 


Principle of impulse and momentum 


Kinetic energy of a rigid body in 
three dimensions 


Recalling that the system of the momenta of the particles forming a 
rigid body can be reduced to the vector mv attached at G and the 
couple Hg (Fig. 18.26), we noted that, once the linear momentum 
mv and the angular momentum He of a rigid body have been deter- 
mined, the angular momentum Ho of the body about any given point 
O can be obtained by writing 


Ho =rXmv+ He (18.11) 


In the particular case of a rigid body constrained to rotate about a 
fixed point O, the components of the angular momentum Ho of the 
body about O can be obtained directly from the components of its 
angular velocity and from its moments and products of inertia with 
respect to axes through O. We wrote 


H, = +1, @, — Ly@y — Lge, 
By = Shor LO, = Lyely (18.13) 
A, = ly — Ig@y + I, @; 


The principle of impulse and momentum for a rigid body in three- 
dimensional motion [Sec. 18.3] is expressed by the same fundamental 
formula that was used in Chap. 17 for a rigid body in plane motion, 


Syst Momenta, + Syst Ext Imp)... = Syst Momenta, (17.4) 


but the systems of the initial and final momenta should now be rep- 
resented as shown in Fig. 18.26, and He should be computed from 
the relations (18.7) or (18.10) [Sample Probs. 18.1 and 18.2]. 


The kinetic energy of a rigid body in three-dimensional motion can 
be divided into two parts [Sec. 18.4], one associated with the motion 
of its mass center G and the other with its motion about G. Using 
principal centroidal axes x’, y’, z', we wrote 


T= 3mv" + xy + Lyoy + 1202) (18.17) 


where v = velocity of mass center 
@ = angular velocity 
m 


mass of rigid body 


tad, fs = principal centroidal moments of inertia 
Y He 
Ab my 


Z 
Fig. 18.26 


We also noted that, in the case of a rigid body constrained to rotate 
about a fixed point O, the kinetic energy of the body can be ex- 
pressed as 


T = s(Lya@y + Lyi + La) (18.20) 


where the x’, y’, and 2’ axes are the principal axes of inertia of the 
body at O. The results obtained in Sec. 18.4 make it possible to 
extend to the three-dimensional motion of a rigid body the applica- 
tion of the principle of work and energy and of the principle of 
conservation of energy. 


The second part of the chapter was devoted to the application of the 
fundamental equations 


xXF = ma (18.1) 
=Mc = He (18.2) 


to the motion of a rigid body in three dimensions. We first recalled 
[Sec. 18.5] that Hg represents the angular momentum of the body 
relative to a centroidal frame GX'Y’'Z’ of fixed orientation (Fig. 18.27) 


Fig. 18.27 


and that Hg in Eq. (18.2) represents the rate of change of Hg with 
respect to that frame. We noted that, as the body rotates, its moments 
and products of inertia with respect to the frame GX’Y'Z’ change 
continually. Therefore, it is more convenient to use a rotating frame 
Gxyz when resolving @ into components and computing the moments 
and products of inertia that will be used to determine Hg from Eqs. 
(18.7) or (18.10). However, since Hg in Eq. (18.2) represents the rate 
of change of Hg with respect to the frame GX'Y'Z’ of fixed orienta- 
tion, we must use the method of Sec. 15.10 to determine its value. 
Recalling Eq. (15.31), we wrote 


He = (Ho) cays + co) x He (18.22) 


where Hc = angular momentum of body with respect to frame 
. GX'Y'Z' of fixed orientation 
(He)cy; = rate of change of Hg with respect to rotating frame 
Gxyz, to be computed from relations (18.7) 
Q = angular velocity of the rotating frame Gxyz 
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Using a rotating frame to write the 
equations of motion of a rigid body 
in space 
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Euler’s equations of motion. 
D’Alembert’s principle 


Free-body-diagram equation 


Rigid body with a fixed point 


Substituting for He from (18.22) into (18.2), we obtained 
=Mg = (Hg)enz + & X Hg (18.23) 


If the rotating frame is actually attached to the body, its angular 
velocity © is identically equal to the angular velocity w of the body. 
There are many applications, however, where it is advantageous to 
use a frame of reference which is not attached to the body but rotates 
in an independent manner [Sample Prob. 18.5]. 


Setting © = w in Eq. (18.23), using principal axes, and writing this 
equation in scalar form, we obtained Euler's equations of motion 
[Sec. 18.6]. A discussion of the solution of these equations and of 
the scalar equations corresponding to Eq. (18.1) led us to extend 
dAlembert’s principle to the three-dimensional motion of a rigid 
body and to conclude that the system of the external forces acting 
on the rigid body is not only equipollent, but actually equivalent to 
the effective forces of the body represented by the vector ma and 
the couple Hg (Fig. 18.28). Problems involving the three-dimensional 
motion of a rigid body can be solved by considering the free-body- 
diagram equation represented in Fig. 18.28 and writing appropriate 
scalar equations relating the components or moments of the external 
and effective forces [Sample Probs. 18.3 and 18.5]. 


ma 


Fy 
Fig. 18.28 


In the case of a rigid body constrained to rotate about a fixed point O, 
an alternative method of solution, involving the moments of the forces 
and the rate of change of the angular momentum about point O, can 
be used. We wrote [Sec. 18.7]: 


=Mo = (Ho) oxy: + Q x Ho (18.28) 
where 2Mo = sum of moments about O of forces applied to rigid 
body 
Ho = angular momentum of body with respect to fixed 
frame OXYZ 


(Ho)oxy: = rate of change of Ho with respect to rotating frame 
Oxyz, to be computed from relations (18.13) 
Q = angular velocity of rotating frame Oxyz 


This approach can be used to solve certain problems involving the 
rotation of a rigid body about a fixed axis [Sec. 18.8], for example, 
an unbalanced rotating shaft [Sample Prob. 18.4]. 


In the last part of the chapter, we considered the motion of gyro- 
scopes and other axisymmetrical bodies. Introducing the Eulerian 
angles , 6, and y to define the position of a gyroscope (Fig. 18.29), 
we observed that their derivatives , 6, and & represent, respectively, 
the rates of precession, nutation, and spin of the gyroscope [Sec. 
18.9]. Expressing the angular velocity @ in terms of these derivatives, 
we wrote 


ow = — ¢ sinOit+ Oj + (bh + ¢ cos Ok (18.35) 


Fig. 18.29 


where the unit vectors are associated with a frame Oxyz attached to 
the inner gimbal of the gyroscope (Fig. 18.30) and rotate, therefore, 
with the angular velocity 


O = -¢ sin Oi + Oj + b cos 0k (18.38) 


Denoting by I the moment of inertia of the gyroscope with respect 
to its spin axis z and by I’ its moment of inertia with respect to a 
transverse axis through O, we wrote 

Ho = —I'¢ sin 0i + I' Oj + Uh +¢ cos Ok (18.36) 


Substituting for Hp and Q into Eq. (18.28) led us to the differential 
equations defining the motion of the gyroscope. 


In the particular case of the steady precession of a gyroscope [Sec. 
18.10], the angle 0, the rate of precession ¢, and the rate of spin w 
remain constant. We saw that such a motion is possible only if the 
moments of the external forces about O satisfy the relation 


=Mo = (Iw. — I'¢ cos 6)¢ sin Oj (18.44) 


i.e., if the external forces reduce to a couple of moment equal to the 
right-hand member of Eq. (18.44) and applied about an axis perpen- 
dicular to the precession axis and to the spin axis (Fig. 18.31). The 
chapter ended with a discussion of the motion of an axisymmetrical 
body spinning and precessing under no force [Sec. 18.11; Sample 
Prob. 18.6]. 
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Motion of a gyroscope 


Fig. 18.30 


Steady precession _ 
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REVIEW PROBLEMS 


18.147 A homogeneous disk of mass m = 5 kg rotates at the constant rate 
w, = 8 rad/s with respect to the bent axle ABC, which itself rotates 
at the constant rate ws = 3 rad/s about the y axis. Determine the 
angular momentum Hg of the disk about its center C. 


18.148 Two L-shaped arms, each weighing 5 lb, are welded to the one- 
third points of the 24-in. shaft AB. Knowing that shaft AB rotates 
at the constant rate w = 180 rpm, determine (a) the angular 
momentum H, of the body about A, (b) the angle that H, forms 
with the shaft. 


Fig. P18.147 


Fig. P18.148 


18.149 A uniform rod of mass m and length 5a is bent into the shape 
shown and is suspended from a wire attached at B. Knowing that 
the rod is hit at C in the negative < direction and denoting the 
corresponding impulse by —(F At)k, determine immediately after 
the impact (a) the angular velocity of the rod, (b) the velocity of 
its mass center G. 


18.150 A homogeneous disk of radius a and mass m supported by a ball- 
and-socket joint at A is rotating about its vertical diameter with a 
constant angular velocity # = woj when an obstruction is suddenly 
introduced at B. Assuming the impact to be perfectly plastic 
(e = 0), determine immediately after the impact (a) the angular 
velocity of the disk, (b) the velocity of its mass center G. 


Fig. P18.149 


Fig. P18.150 
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18.151 


Determine the kinetic energy lost when the disk of Prob. 18.150 
hits the obstruction at B. 


18.152 Each of the two triangular plates shown has a mass of 5 kg and 


is welded to a vertical shaft AB. Knowing that the assembly rotates 
at the constant rate w = 8 rad/s, determine the dynamic reactions 
at A and B. 


18.153 A 2.4-kg piece of sheet steel with dimensions 160 < 640 mm was 


bent to form the component shown. The component is at rest 
(w = 0) when a couple My = (0.8 N - m)k is applied to it. Deter- 
mine (a) the angular acceleration of the component, (b) the dynamic 
reactions at A and B immediately after the couple is applied. 


Fig. P18.153 


18.154 A thin ring of 3-in. radius is attached by a collar at A to a vertical 


18.155 


shaft which rotates at the constant rate w. Determine (a) the con- 
stant angle 8 that the plane of the ring forms with the vertical 
when w = 12 rad/s, (b) the maximum value of w for which the ring 
will remain vertical (8 = 0). 


Fig. P18.154 


A thin disk of weight W = 8 lb rotates with an angular velocity 
@ with respect to arm OA, which itself rotates with an angular 
velocity w, about the y axis. Determine (a) the couple M,j which 
should be applied to arm OA to give it an angular acceleration a, = 
(6 rad/s”)j with w, = 4 rad/s, knowing that the disk rotates at the 
constant rate w2 = 12 rad/s, (b) the force-couple system represent- 
ing the dynamic reaction at O at that instant. Assume that arm 
OA has negligible mass. 
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Fig. P18.152 


Fig. P18.155 
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Fig. P18.156 


Fig. P18.158 


18.156 


18.157 


An experimental Fresnel-lens solar-energy concentrator can rotate 
about the horizontal axis AB which passes through its mass center 
G. It is supported at A and B by a steel framework which can rotate 
about the vertical y axis. The concentrator has a mass of 30 Mg, a 
radius of gyration of 12 m about its axis of symmetry CD, and a radius 
of gyration of 10 m about any transverse axis through G. Knowing 
that the angular velocities @ and @» have constant magnitudes equal 
to 0.20 rad/s and 0.25 rad/s, respectively, determine for the position 
@ = 60° (a) the forces exerted on the concentrator at A and B, 
(b) the couple M,k applied to the concentrator at that instant. 


A 2-kg disk of 150-mm diameter is attached to the end of a rod 
AB of negligible mass which is supported by a ball-and-socket joint 
at A. If the disk is observed to precess about the vertical in the 
sense indicated at a constant rate of 36 rpm, determine the rate 


of spin w of the disk about AB. 


600 mm 


Fig. P18.157 


18.158 The essential features of the gyrocompass are shown. The rotor 


spins at the rate w about an axis mounted in a single gimbal, which 
may rotate freely about the vertical axis AB. The angle formed by 
the axis of the rotor and the plane of the meridian is denoted by 6, 
and the latitude of the position on the earth is denoted by A. We 
note that line OC is parallel to the axis of the earth, and we denote 
by w, the angular velocity of the earth about its axis. 

(a) Show that the equations of motion of the gyrocompass are 


V6 + Iw.w, cos A sin 8 — l'w cos” Asin 6 cos 6 = 0 
Iw. = 0 


where , is the rectangular component of the total angular velocity 
w along the axis of the rotor, and I and I’ are the moments of 
inertia of the rotor with respect to its axis of symmetry and a 
transverse axis through O, respectively. 
(b) Neglecting the term containing w2, show that for small 

values of 6, we have 

.  I@.w,cos r 

6+ ge == 6=0 
and that the axis of the gyrocompass oscillates about the north- 
south direction. 


COMPUTER PROBLEMS 


18.C1 A wire of uniform cross section weighing 3 0z/ft is used to form the 
wire figure shown, which is suspended from cord AD. An impulse F At = 
(0.5 Ib - s)j is applied to the wire figure at point E. Use computational 
software to calculate and plot immediately after the impact, for values of 
6 from 0 to 180°, (a) the velocity of the mass center of the wire figure, 


(b) the angular velocity of the figure. 


Fig. P18.C1 


18.€2 A 2500-kg probe in orbit about the moon is 2.4 m high and has octago- 
nal bases of sides 1.2 m. The coordinate axes shown are the principal centroidal 
axes of inertia of the probe, and its radii of gyration are k, = 0.98 m, k, = 
1.06 m, and k, = 1.02 m. The probe is equipped with a main 500-N thruster 
E and four 20-N thrusters A, B, C, and D that can expel fuel in the positive 
y direction. The probe has an angular velocity @ = w,i + ow, k when two of 
the 20-N thrusters are used to reduce the angular velocity to zero. Use 
computational software to determine for any pair of values of w, and w, less 
than or equal to 0.06 rad/s, which of the thrusters should be used and for 
how long each of them should be activated. Apply this program assuming w 
to be (a) the angular velocity given in Prob. 18.33, (b) the angular velocity 
given in Prob. 18.34, (c) w = (0.06 rad/s)i + (0.02 rad/s)k, (d) w = 
—(0.06 rad/s)i — (0.02 rad/s)k. 


Fig. P18.C2 
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18.€3 A couple Mo = (0.03 lb - ft)i is applied to an assembly consisting 
of pieces of sheet aluminum of uniform thickness and of total weight 2.7 Ib, 
which are welded to a light axle supported by bearings at A and B. Use 
computational software to determine the dynamic reactions exerted by 
the bearings on the axle at any time t¢ after the couple has been applied. 
Resolve these reactions into components directed along y and z axes rotating 
with the assembly. (a) calculate and plot the components of the reactions 
from t = 0 to t = 2 s at 0.1-s intervals. (b) Determine the time at which 
the z components of the reactions at A and B are equal to zero. 


Fig. P18.C3 


18.€4 A 2.5-kg homogeneous disk of radius 80 mm can rotate with respect 
to arm ABC, which is welded to a shaft DCE supported by bearings at D 
and E. Both the arm and the shaft are of negligible mass. At time t = 0a 
couple My = (0.5 N - m)k is applied to shaft DCE. Knowing that at t = 0 
the angular velocity of the disk is @, = (60 rad/s)j and that friction in the 
bearing at A causes the magnitude of a to decrease at the rate of 15 rad/s”, 
determine the dynamic reactions exerted on the shaft by the bearings at 
D and E at any time t. Resolve these reactions into components directed 
along x and y axes rotating with the shaft. Use computational software 
(a) to calculate the components of the reactions from t = 0 to t = 4 s 
(b) to determine the times t, and ft, at which the x and y components of 
the reaction at E are respectively equal to zero. 


Fig. P18.C4 


18.€5 A homogeneous disk of radius 180 mm is welded to a rod AG of 
length 360 mm and of negligible mass which is connected by a clevis to a 
vertical shaft AB. The rod and disk can rotate freely about a horizontal axis 
AC, and shaft AB can rotate freely about a vertical axis. Initially rod AG 
forms a given angle 09 with the downward vertical and its angular velocity 
6 about AC is zero. Shaft AB is then given an angular velocity @ about 
the vertical. Use computational software (a) to calculate the minimum value 
6,, of the angle @ in the ensuing motion and the period of oscillation in 6, 
that is, the time required for 6 to regain its initial value 69, (b) to compute 
the angular velocity @ of shaft AB for values of 6 from 6 to 6,,. Apply this 
program with the initial conditions (i) 0) = 90°, dy = = 5 rad/s, (ii) 0) = 90°, 
$y = 10 rad/s, (iii) 0) = 60°, by = 5 rad/s. [Hint: Use the principle of con- 
servation of energy and the fact that the angular momentum of the body 
about the vertical through A is conserved to obtain an equation of the form 
62 = f(@). This equation can be integrated by a numerical method. ] 


18.C6 A homogeneous disk of radius 180 mm is welded to a rod AG of 
length 360 mm and of negligible mass which is supported by a ball-and- 

socket joint at A. The disk is released in the position 6 = 09 with a rate of 
spin Wo. a rate of precession bo, and a zero rate of nutation. Use computa- 
tional software (a) to calculate the minimum value 6,, of the angle 6 in the 
ensuing motion and the period of oscillation in 6, that is, the time required 
for @ to regain its initial value 0, (b) to compute the rate of spin y and the 
rate of precession ¢ for values of 6 from 4 to @,,, using 2° decrements. 
Apply this program with the initial conditions (i) 6) = 90°, % = 50 rad/s, 
go = 0, (ti) A = 90°, Yo = 0, bo = 5 rad/s, (iti) 0) = 90°, Yo = 50 rad/s, 
oy = 5 rad/s, (iv) A = 90°, Yo = 10 rad/s, do = 5 rad/s, (v) A) = 60°, 
fo = 50 rad/s, by = 5 rad/s. [Hint: Use the principle of conservation of 
energy and the fact that the angular momentum of the body is conserved 
about both the Z and z axes to obtain an equation of the form 6° = f(). 
This equation can be integrated by a numerical method. ] 


cls: 


360 mm 


r=180mm 


Fig. P18.C6 


Fig. P18.C5 
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The Wind Damper inside of Taipei 101 
helps protect against typhoons and 
earthquakes by reducing the effects of 
wind and vibrations on the building. 
Mechanical systems may undergo free 
vibrations or they may be subject to 
forced vibrations. The vibrations are 
damped when there is energy dissipation 
and undamped otherwise. This chapter 
is an introduction to many fundamental 


concepts in vibration analysis. 
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Chapter 19 Mechanical Vibrations 
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19.2 Free Vibrations of Particles. 
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Solution) 
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19.1 INTRODUCTION 


A mechanical vibration is the motion of a particle or a body which oscil- 
lates about a position of equilibrium. Most vibrations in machines and 
structures are undesirable because of the increased stresses and energy 
losses which accompany them. They should therefore be eliminated or 
reduced as much as possible by appropriate design. The analysis of 
vibrations has become increasingly important in recent years owing to 
the current trend toward higher-speed machines and lighter structures. 
There is every reason to expect that this trend will continue and that 
an even greater need for vibration analysis will develop in the future. 

The analysis of vibrations is a very extensive subject to which 
entire texts have been devoted. Our present study will therefore be 
limited to the simpler types of vibrations, namely, the vibrations of 
a body or a system of bodies with one degree of freedom. 

A mechanical vibration generally results when a system is dis- 
placed from a position of stable equilibrium. The system tends to 
return to this position under the action of restoring forces (either 
elastic forces, as in the case of a mass attached to a spring, or gravi- 
tational forces, as in the case of a pendulum). But the system gener- 
ally reaches its original position with a certain acquired velocity which 
carries it beyond that position. Since the process can be repeated 
indefinitely, the system keeps moving back and forth across its posi- 
tion of equilibrium. The time interval required for the system to 
complete a full cycle of motion is called the period of the vibration. 
The number of cycles per unit time defines the frequency, and the 
maximum displacement of the system from its position of equilib- 
rium is called the amplitude of the vibration. 

When the motion is maintained by the restoring forces only, 
the vibration is said to be a free vibration (Secs. 19.2 to 19.6). When 
a periodic force is applied to the system, the resulting motion is 
described as a forced vibration (Sec. 19.7). When the effects of fric- 
tion can be neglected, the vibrations are said to be undamped. How- 
ever, all vibrations are actually damped to some degree. If a free 
vibration is only slightly damped, its amplitude slowly decreases 
until, after a certain time, the motion comes to a stop. But if damp- 
ing is large enough to prevent any true vibration, the system then 
slowly regains its original position (Sec. 19.8). A damped forced 
vibration is maintained as long as the periodic force which produces 
the vibration is applied. The amplitude of the vibration, however, is 
affected by the magnitude of the damping forces (Sec. 19.9). 


VIBRATIONS WITHOUT DAMPING 


19.2 FREE VIBRATIONS OF PARTICLES. SIMPLE 
HARMONIC MOTION 


Consider a body of mass m attached to a spring of constant k (Fig. 
19.1a). Since at the present time we are concerned only with the 
motion of its mass center, we will refer to this body as a particle. 
When the particle is in static equilibrium, the forces acting on it are 
its weight W and the force T exerted by the spring, of magnitude 


T = ké,, where 6, denotes the elongation of the spring. We have, 
therefore, 


W = kéy 


Suppose now that the particle is displaced through a distance x,,, from 
its equilibrium position and released with no initial velocity. If x, has 
been chosen smaller than 6, the particle will move back and forth 
through its equilibrium position; a vibration of amplitude x,, has been 
generated. Note that the vibration can also be produced by imparting 
a certain initial velocity to the particle when it is in its equilibrium 
position x = 0 or, more generally, by starting the particle from any 
given position x = xo with a given initial velocity vo. 

To analyze the vibration, let us consider the particle in a position 
P at some arbitrary time t (Fig. 19.1b). Denoting by x the displacement 
OP measured from the equilibrium position O (positive downward), 
we note that the forces acting on the particle are its weight W and the 
force T exerted by the spring which, in this position, has a magnitude 
T = k(6, + x). Recalling that W = k6é,,, we find that the magnitude of 
the resultant F of the two forces (positive downward) is 


F=W—k(d4 +x) = —kx (19.1) 


Thus the resultant of the forces exerted on the particle is proportional 
to the displacement OP measured from the equilibrium position. 
Recalling the sign convention, we note that F is always directed toward 
the equilibrium position O. Substituting for F into the fundamental 
equation F = ma and recalling that a is the second derivative x of x 
with respect to t, we write 


mx + ke — 0 (19.2) 


Note that the same sign convention should be used for the accelera- 
tion x and for the displacement x, namely, positive downward. 

The motion defined by Eq. (19.2) is called a simple harmonic 
motion. It is characterized by the fact that the acceleration is propor- 
tional to the displacement and of opposite direction. We can verify that 
each of the functions x; = sin (Vk/m t) and x2 = cos (Vk/m ¢t) satis- 
fies Eq. (19.2). These functions, therefore, constitute two particular solu- 
tions of the differential equation (19.2). The general solution of Eq. (19.2) 
is obtained by multiplying each of the particular solutions by an arbitrary 
constant and adding. Thus, the general solution is expressed as 


x = Cyx, + Coxg = Cy sin( fr) + Cy cos( (£1) (19.3) 
m m 


We note that x is a periodic function of the time t and does, there- 
fore, represent a vibration of the particle P. The coefficient of t in 
the expression we have obtained is referred to as the natural circular 
frequency of the vibration and is denoted by w,. We have 


Natural circular frequency = w, = 4 ie (19.4) 


19.2 F 
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Substituting for Vk/m into Eq. (19.3), we write 
x = Cy sin w,t + Cz cos @yt (19.5) 


This is the general solution of the differential equation 
i+ ox =0 (19.6) 


which can be obtained from Eq. (19.2) by dividing both terms by m 
and observing that k/m = w,. Differentiating twice both members 
of Eq. (19.5) with respect to t, we obtain the following expressions 
for the velocity and the acceleration at time f: 


vo =x = Cy, cos w,t — Cow, sin @,t (19.7) 
a = % = —Cyw. sin at — Cows cos wnt (19.8) 


The values of the constants C, and Cz depend upon the initial 
conditions of the motion. For example, we have C; = 0 if the particle 
is displaced from its equilibrium position and released at t = 0 with 
no initial velocity, and we have Cz = 0 if the particle is started from O 
at t = 0 with a certain initial velocity. In general, substituting t = 0 
and the initial values xo and vo of the displacement and the velocity 
into Eqs. (19.5) and (19.7), we find that C) = vo/w, and Cy = xo. 

The expressions obtained for the displacement, velocity, and 
acceleration of a particle can be written in a more compact form if 
we observe that Eq. (19.5) expresses that the displacement x = OP 
is the sum of the x components of two vectors C; and Cs, respectively, 
of magnitude C; and Cs, directed as shown in Fig. 19.2a. As t varies, 
both vectors rotate clockwise; we also note that the magnitude of their 
resultant OQ is equal to the maximum displacement x,,. The simple 
harmonic motion of P along the x axis can thus be obtained by pro- 
jecting on this axis the motion of a point Q describing an auxiliary 
circle of radius x,, with a constant angular velocity w, (which explains 
the name of natural circular frequency given to w,). Denoting by & 
the angle formed by the vectors OQ and Cj, we write 


OP = OO sin (w,t + o) (19.9) 


which leads to new expressions for the displacement, velocity, and 
acceleration of P: 


x =X, sin (w@,t + d) (19.10) 
v =X =X,,0, Cos (w,t + d) (19.11) 
a =X = —x,,0, sin (w,t + ) (19.12) 


The displacement-time curve is represented by a sine curve (Fig. 
19.2b); the maximum value x,, of the displacement is called the 
amplitude of the vibration, and the angle ¢ which defines the initial 
position of Q on the circle is called the phase angle. We note from 
Fig. 19.2 that a full cycle is described as the angle w,t increases by 
2a rad. The corresponding value of t, denoted by 7,,, is called the 
period of the free vibration and is measured in seconds. We have 


+Xm ‘ 


(19.13) 


The number of cycles described per unit of time is denoted by f,, 
and is known as the natural frequency of the vibration. We write 


(19.14) 


The unit of frequency is a frequency of 1 cycle per second, corre- 
sponding to a period of 1 s. In terms of base units the unit of fre- 
quency is thus 1/s or s |. It is called a hertz (Hz) in the SI system 
of units. It also follows from Eq. (19.14) that a frequency of 1 st 
or 1 Hz corresponds to a circular frequency of 27 rad/s. In problems 
involving angular velocities expressed in revolutions per minute 
(rpm), we have 1 rpm = as | = m@Hz, orl rpm = (27/60) rad/s. 

Recalling that w,, was defined in (19.4) in terms of the constant k 
of the spring and the mass m of the particle, we observe that the 
period and the frequency are independent of the initial conditions 
and of the amplitude of the vibration. Note that 7, and f,, depend 
on the mass rather than on the weight of the particle and thus are 
independent of the value of g. 

The velocity-time and acceleration-time curves can be repre- 
sented by sine curves of the same period as the displacement-time 
curve, but with different phase angles. From Eqs. (19.11) and (19.12), 
we note that the maximum values of the magnitudes of the velocity 
and acceleration are 


(19.15) 


Since the point Q describes the auxiliary circle, of radius x,,, at the 
constant angular velocity w,, its velocity and acceleration are equal, 
respectively, to the expressions (19.15). Recalling Eqs. (19.11) and 
(19.12), we find, therefore, that the velocity and acceleration of P 
can be obtained at any instant by projecting on the x axis vectors 
of magnitudes v,, = x,,@, and da, = X,,@;, representing, respectively, 
the velocity and acceleration of Q at the same instant (Fig. 19.3). 


19.2 Free Vibrations of Particles. Simple 
Harmonic Motion 
$Qo 
am = X OF 


Fig. 19.3 


o,t+@ 


Vin = XmOn 
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Fig. 19.4 
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The results obtained are not limited to the solution of the prob- 
lem of a mass attached to a spring. They can be used to analyze the 
rectilinear motion of a particle whenever the resultant F of the forces 
acting on the particle is proportional to the displacement x and directed 
toward O. The fundamental equation of motion F = ma can then 
be written in the form of Eq. (19.6), which is characteristic of a simple 
harmonic motion. Observing that the coefficient of x must be equal 
to w;,, we can easily determine the natural circular frequency @, of the 
motion. Substituting the value obtained for w, into Eqs. (19.13) and 
(19.14), we then obtain the period 7, and the natural frequency f, 
of the motion. 


19.3. SIMPLE PENDULUM (APPROXIMATE SOLUTION) 


Most of the vibrations encountered in engineering applications can 
be represented by a simple harmonic motion. Many others, although 
of a different type, can be approximated by a simple harmonic motion, 
provided that their amplitude remains small. Consider, for example, 
a simple pendulum, consisting of a bob of mass m attached to a cord 
of length J, which can oscillate in a vertical plane (Fig. 19.4a). At a 
given time t, the cord forms an angle 6 with the vertical. The forces 
acting on the bob are its weight W and the force T exerted by the 
cord (Fig. 19.4b). Resolving the vector ma into tangential and 
normal components, with ma, directed to the right, ie., in the direc- 
tion corresponding to increasing values of 6, and observing that a; = 
la = 10, we write 


=F, = maz —W sin 6 = ml@ 
Noting that W = mg and dividing through by ml, we obtain 


oe go 
6+ ysin 6=0 (19.16) 


For oscillations of small amplitude, we can replace sin 6 by 6, expressed 
in radians, and write 

a 

O+ 7° = 0 (19.17) 
Comparison with Eq. (19.6) shows that the differential equation 
(19.17) is that of a simple harmonic motion with a natural circular 
frequency @, equal to (g/l)'”. The general solution of Eq. (19.17) 
can, therefore, be expressed as 


6 = 6,, sin (w,t + ) 


where 9,,, is the amplitude of the oscillations and ¢ is a phase angle. 
Substituting into Eq. (19.13) the value obtained for w,, we get the 
following expression for the period of the small oscillations of a pen- 


dulum of length 1: 
9, 
T= 7 = am|! (19.18) 
W, g 


*19.4 SIMPLE PENDULUM (EXACT SOLUTION) 


Formula (19.18) is only approximate. To obtain an exact expression 
for the period of the oscillations of a simple pendulum, we must 
return to Eq. (19.16). Multiplying both terms by 26 and integrating 
from an initial position corresponding to the maximum deflection, 
that is, 0 = 0,, and 6 = 0, we write 


do\ 2g 
(2) ar (cos 8 — cos 6,,) 


Replacing cos 6 by 1 — 2 sin” (6/2) and cos 6,, by a similar expression, 
solving for dt, and integrating over a quarter period from t = 0, 6 = 0 
to t = 7,/4, 0 = 6,,, we have 


ie i do 
TT = 2 
£Jy WVsin2(@,,/2) — sin2(0/2) 


The integral in the right-hand member is known as an elliptic integral; 
it cannot be expressed in terms of the usual algebraic or trigonometric 
functions. However, setting 


sin (6/2) = sin (0,,/2) sin 


we can write 


t/2, 
1 = af! | sli (19.19) 
Slo V1 — sin2(6,,/2) sin? b 


where the integral obtained, commonly denoted by K, can be calcu- 
lated by using a numerical method of integration. It can also be 
found in tables of elliptic integrals for various values of 6,,/2.+ In 
order to compare the result just obtained with that of the preceding 
section, we write Eq. (19.19) in the form 


T= 7K (aan) (19.20) 
7 g 


Formula (19.20) shows that the actual value of the period of a simple 
pendulum can be obtained by multiplying the approximate value 
given in Eq. (19.18) by the correction factor 2K/7r. Values of the cor- 
rection factor are given in Table 19.1 for various values of the ampli- 
tude 6,,. We note that for ordinary engineering computations the 
correction factor can be omitted as long as the amplitude does not 
exceed 10°. 


TABLE 19.1 Correction Factor for the Period of a Simple 
Pendulum 


+See, for example, Standard Mathematical Tables, Chemical Rubber Publishing Company, 
Cleveland, Ohio. 


19.4 Simple Pendulum (Exact Solution) 
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| SAMPLE PROBLEM 19.1 


A 50-kg block moves between vertical guides as shown. The block is pulled 
40 mm down from its equilibrium position and released. For each spring 
arrangement, determine the period of the vibration, the maximum velocity 
of the block, and the maximum acceleration of the block. 


SOLUTION 


a. Springs Attached in Parallel. We first determine the constant k of a 


= = single spring equivalent to the two springs by finding the magnitude of the 
= force P required to cause a given deflection 6. Since for a deflection 6 the 
| Tt | kd ks6 magnitudes of the forces exerted by the springs are, respectively, k}65 and 
5 | | k,6, we have 
|. The constant k of the single equivalent spring is 
k =5= k, + kg = 4kN/m + 6kN/m = 10 kN/m = 104 N/m 


Period of Vibration: Since m = 50 kg, Eq. (19.4) yields 
> k _ 10*N/m 


sie = 1414 
Ce 50 kg OW, rad/s 


T, = 21r/w, T = 04445 <4 
Maximum Velocity: 0) = Xm@p_ = (0.040 m)(14.14 rad/s) 
Um = 0.566 m/s Vv, = 0.566m/s > < 
Maximum Acceleration: dm = X%,@*, = (0.040 m)(14.14 rad/s)? 
dn = 8.00 m/s” a, = 8.00 m/s” a | 
b. Springs Attached in Series. We first determine the constant k of a 


i= S f single spring equivalent to the two springs by finding the total elongation 6 
ui = hase of the springs under a given static load P. To facilitate the computation, a 
| 1+ 6, jp gt 2 
$= static load of magnitude P = 12 kN is used. 
i i 
2 > ie Ie 12 kN 12 kN 
: 6=6,+ 6,= aF = =5 
as cee S +8, (eee ei AI 
6 = | P 12kN 
k= == = 2.4kN/m = 2400 N/m 
f | 6 5m 
y 2400 N/ 
Period of Vibration: af = i = oN @, = 6.93 rad/s 
m 50 kg 
Q7 = a 
t= T, = 0.907s << 
Wn 
Maximum Velocity: 0) = Xm@, = (0.040 m)(6.93 rad/s) 


Om = 0.277 m/s 


v 
Maximum Acceleration: dm, = X,@- = (0.040 m)(6.93 rad/s)? 
Am = 1.920 m/s? a, = 1920 m/s? t < 


m = 0277 mst < 
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SOLVING TPROBLEMS 
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i ee chapter deals with mechanical vibrations, i.e., with the motion of a particle 
or body oscillating about a position of equilibrium. 


In this first lesson, we saw that a free vibration of a particle occurs when the par- 
ticle is subjected to a force proportional to its displacement and of opposite direc- 
tion, such as the force exerted by a spring (Fig. 19.1). The resulting motion, called 
a simple harmonic motion, is characterized by the differential equation 


mx + kx = 0 (19.2) 


where x is the displacement of the particle, x is its acceleration, m is its mass, and 
k is the constant of the spring. The solution of this differential equation was found 
to be 


x =x, sin (@,t + d) (19.10) 


where x,, = amplitude of the vibration 
@, = Vk/m = natural circular frequency (rad/s) 
¢ = phase angle (rad) 


We also defined the period of the vibration as the time 7, = 27/w, needed for 
the particle to complete one cycle, and the natural frequency as the number of 
cycles per second, f, = 1/7, = w,/2a, expressed in Hz or st, Differentiating 
Eq. (19.10) twice yields the velocity and the acceleration of the particle at any 
time. The maximum values of the velocity and acceleration were found to be 


eee os = 2 
Om = Xm@n an = XmOn (19.15) 


To determine the parameters in Eq. (19.10) you can follow these steps. 


1. Draw a free-body diagram showing the forces exerted on the particle 
when the particle is at a distance x from its position of equilibrium. The resultant 
of these forces will be proportional to x and its direction will be opposite to the 
positive direction of x [Eq. (19.1)]. 


2. Write the differential equation of motion by equating to mi the resultant of 
the forces found in step 1. Note that once a positive direction for x has been chosen, 
the same sign convention should be used for the acceleration x. After transposition, 
you will obtain an equation of the form of Eq. (19.2). 


(continued ) 
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3. Determine the natural circular frequency w, by dividing the coefficient of x 
by the coefficient of x in this equation and taking the square root of the result 
obtained. Make sure that w, is expressed in rad/s. 


4. Determine the amplitude x,, and the phase angle @ by substituting the 
value obtained for w, and the initial values of x and x into Eq. (19.10) and the 
equation obtained by differentiating Eq. (19.10) with respect to t. 


Equation (19.10) and the two equations obtained by differentiating Eq. (19.10) twice 
with respect to t can now be used to find the displacement, velocity, and accelera- 
tion of the particle at any time. Equations (19.15) yield the maximum velocity v,, 
and the maximum acceleration d,,. 


5. You also saw that for the small oscillations of a simple pendulum, the 
angle 6 that the cord of the pendulum forms with the vertical satisfies the differ- 
ential equation 


oe go 

6 + 79 = (19.17) 
where / is the length of the cord and where @ is expressed in radians [Sec. 19.3]. 
This equation defines again a simple harmonic motion, and its solution is of the 
same form as Eq. (19.10), 


6 = 6,, sin (w,t + ) 


where the natural circular frequency , = Vg/l is expressed in rad/s. The deter- 
mination of the various constants in this expression is carried out in a manner 
similar to that described above. Remember that the velocity of the bob is tangent 
to the path and that its magnitude is v = 10, while the acceleration of the bob has 
a tangential component a,, of magnitude a, = 10, and a normal component a,, 
directed toward the center of the path and of magnitude a, = 10 A 


19.1 


19.2 


19.3 


19.4 


19.5 


19.6 


19.7 


19.8 


19.9 


PROBLEMS 


Determine the maximum velocity and maximum acceleration of a 
particle which moves in simple harmonic motion with an ampli- 
tude of 0.2 in. and a period of 0.1 s. 


Determine the amplitude and maximum velocity of a particle 
which moves in simple harmonic motion with a maximum accel- 
eration of 60 m/s” and a frequency of 40 Hz. 


A particle moves in simple harmonic motion. Knowing that the 
amplitude is 300 mm and the maximum acceleration is 5 m/s”, 
determine the maximum velocity of the particle and the frequency 
of its motion. 


A 30-lb block is supported by the spring shown. If the block is 
moved vertically downward from its equilibrium position and 
released, determine (a) the period and frequency of the resulting 
motion, (b) the maximum velocity and acceleration of the block if 
the amplitude of its motion is 2.1 in. 


A 32-kg block is attached to a spring and can move without friction 
in a slot as shown. The block is in its equilibrium position when it 
is struck by a hammer which imparts to the block an initial velocity 
of 250 mm/s. Determine (a) the period and frequency of the 
resulting motion, (b) the amplitude of the motion and the maxi- 
mum acceleration of the block. 


A simple pendulum consisting of a bob attached to a cord oscillates 
in a vertical plane with a period of 1.3 s. Assuming simple har- 
monic motion and knowing that the maximum velocity of the bob 
is 15 in./s, determine (a) the amplitude of the motion in degrees, 
(b) the maximum tangential acceleration of the bob. 


A simple pendulum consisting of a bob attached to a cord of length 
1 = 800 mm oscillates in a vertical plane. Assuming simple har- 
monic motion and knowing that the bob is released from rest when 
6 = 6°, determine (a) the frequency of oscillation, (b) the maxi- 
mum velocity of the bob. 


An instrument package A is bolted to a shaker table as shown. The 
table moves vertically in simple harmonic motion at the same 
frequency as the variable-speed motor which drives it. The pack- 
age is to be tested at a peak acceleration of 150 ft/s”. Knowing that 
the amplitude of the shaker table is 2.3 in., determine (a) the 
required speed of the motor in rpm, (b) the maximum velocity of 
the table. 


The motion of a particle is described by the equation x = 5 sin 2¢ + 
4 cos 2t, where x is expressed in meters and t¢ in seconds. Deter- 
mine (a) the period of the motion, (b) its amplitude, (c) its phase 
angle. 


20 Ib/in. 


Fig. P19.4 


k =12kN/m 


Fig. P19.5 


Fig. P19.8 


1223 


1224 Mechanical Vibrations 


O©OOOOO000 


Fig. P19.10 


Fig. P19.12 


19.10 An instrument package B is placed on the shaking table C as 


19.11 


19.12 


19.13 


19.14 


shown. The table is made to move horizontally in simple harmonic 
motion with a frequency of 3 Hz. Knowing that the coefficient of 
static friction is 4, = 0.40 between the package and the table, 
determine the largest allowable amplitude of the motion if the 
package is not to slip on the table. Give the answers in both SI 
and U.S. customary units. 


A 32-kg block attached to a spring of constant k = 12 kN/m can 
move without friction in a slot as shown. The block is given an 
initial 300-mm displacement downward from its equilibrium posi- 
tion and released. Determine 1.5 s after the block has been 
released (a) the total distance traveled by the block, (b) the accel- 
eration of the block. 


k =12kN/m 


Fig. P19.11 


A 3-Ib block is supported as shown by a spring of constant k = 
2 Ib/in. which can act in tension or compression. The block is in 
its equilibrium position when it is struck from below by a hammer 
which imparts to the block an upward velocity of 90 in./s. Deter- 
mine (a) the time required for the block to move 3 in. upward, 
(b) the corresponding velocity and acceleration of the block. 


In Prob. 19.12, determine the position, velocity, and acceleration 
of the block 0.90 s after it has been struck by the hammer. 


The bob of a simple pendulum of length / = 800 mm is released 
from rest when 9 = +5°. Assuming simple harmonic motion, 
determine 1.6 s after release (a) the angle 6, (b) the magnitudes of 
the velocity and acceleration of the bob. 


Fig. P19.14 


19.15 


19.16 


19.17 


19.19 


A 5-kg collar rests on but is not attached to the spring shown. It 
is observed that when the collar is pushed down 180 mm or more 
and released, it loses contact with the spring. Determine (a) the 
spring constant, (b) the position, velocity, and acceleration of the 
collar 0.16 s after it has been pushed down 180 mm and 
released. 


An 8-kg collar C can slide without friction on a horizontal rod 
between two identical springs A and B to which it is not attached. 
Each spring has a constant of 600 N/m. The collar is pushed to 
the left against spring A, compressing that spring 20 mm, and 
released in the position shown. It then slides along the rod to the 
right and hits spring B. After compressing that spring 20 mm, the 
collar slides to the left and hits spring A, which it compresses 20 mm. 
The cycle is then repeated. Determine (a) the period of the motion 
of the collar, (b) the position of the collar 1.5 s after it was pushed 
against spring A and released. (Note: This is a periodic motion, but 
not a simple harmonic motion.) 


r 60 mm 
hy ——§$— yyy 
|__| 


20 mm 


Fig. P19.16 


and 19.18 A 35-kg block is supported by the spring arrange- 
ment shown. The block is moved vertically downward from its 
equilibrium position and released. Knowing that the amplitude of 
the resulting motion is 45 mm, determine (a) the period and fre- 
quency of the motion, (b) the maximum velocity and maximum 
acceleration of the block. 


8kN/m = = 8kN/m 


Fig. P19.17 


A 30-lb block is supported by the spring arrangement shown. If 
the block is moved from its equilibrium position 1.75 in. vertically 
downward and released, determine (a) the period and frequency 
of the resulting motion, (b) the maximum velocity and acceleration 


of the block. 


A m 


g k 
L 


Fig. P19.15 


= 16kN/m 


Fig. P19.18 


(a) 


20 Ib/in. = 


12 Ib/in. = 


Fig. P19.19 
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19.20 


19.21 


19.22 


Fig. P19.21 


19.23 


19.24 


Fig. P19.23 


19.25 


Fig. P19.25 


A 5-kg block, attached to the lower end of a spring whose upper 
end is fixed, vibrates with a period of 6.8 s. Knowing that the con- 
stant k of a spring is inversely proportional to its length, determine 
the period of a 3-kg block which is attached to the center of the 
same spring if the upper and lower ends of the spring are fixed. 


A 30-lb block is supported by the spring arrangement shown. The 
block is moved from its equilibrium position 0.8 in. vertically 
downward and released. Knowing that the period of the resulting 
motion is 1.5 s, determine (a) the constant k, (b) the maximum 
velocity and maximum acceleration of the block. 


Two springs of constants k, and ky are connected in series to a 
block A that vibrates in simple harmonic motion with a period of 
5 s. When the same two springs are connected in parallel to the 
same block, the block vibrates with a period of 2 s. Determine the 
ratio k,/ky of the two spring constants. 


Fig. P19.22 


The period of vibration of the system shown is observed to be 0.6 s. 
After cylinder B has been removed, the period is observed to be 
0.5 s. Determine (a) the weight of cylinder A, (b) the constant of 
the spring. 


The period of vibration of the system shown is observed to be 0.8 s. 
If block A is removed, the period is observed to be 0.7 s. Deter- 
mine (a) the mass of block C, (b) the period of vibration when both 
blocks A and B have been removed. 


Fig. P19.24 


The period of vibration of the system shown is observed to be 0.2 s. 
After the spring of constant ky = 20 lb/in. is removed and block 
A is connected to the spring of constant k,, the period is observed 
to be 0.12 s. Determine (a) the constant k, of the remaining spring, 
(b) the weight of block A. 


19.26 The 100-lb platform A is attached to springs B and D, each of Problems 19297 
which has a constant k = 120 lb/ft. Knowing that the frequency 


of vibration of the platform is to remain unchanged when an 80-lb 
block is placed on it and a third spring C is added between springs A 
B and D, determine the required constant of spring C. B= Cae D=> 
SS > 
19.27 From mechanics of materials it is known that when a static load P > ee = 


is applied at the end B of a uniform metal rod fixed at end A, the 
length of the rod will increase by an amount 6 = PL/AE, where 
L is the length of the undeformed rod, A is its cross-sectional area, 
and E is the modulus of elasticity of the metal. Knowing that Fig. P19.26 
L = 450 mm and E = 200 GPa and that the diameter of the rod 

is 8 mm, and neglecting the mass of the rod, determine (a) the 

equivalent spring constant of the rod, (b) the frequency of the 

vertical vibrations of a block of mass m = 8 kg attached to end B 

of the same rod. 


— §=€=€=€=—SEe (imal 
Kh A ry A 
i L 

B a- be 
f) 
ry 

P 

(a) (b) 


Fig. P19.27 


19.28 From mechanics of materials it is known that for a cantilever beam P 
of constant cross section a static load P applied at end B will cause a 
deflection 53 = PL°/3EL, where L is the length of the beam, E is the : 
modulus of elasticity, and I is the moment of inertia of the cross-sec- 
tional area of the beam. Knowing that L = 10 ft, E = 29 x 10° lb/in?, 
and I = 12.4 in’, determine (a) the equivalent spring constant of the . LE i 
beam, (b) the frequency of vibration of a 520-lb block attached to end 
B of the same beam. 


Fig. P19.28 


19.29 A 16-in. deflection of the second floor of a building is measured 
directly under a newly installed 8200-lb piece of rotating machinery 
which has a slightly unbalanced rotor. Assuming that the deflection 
of the floor is proportional to the load it supports, determine (a) the 
equivalent spring constant of the floor system, (b) the speed in rpm 
of the rotating machinery that should be avoided if it is not to coin- 
cide with the natural frequency of the floor-machinery system. 


19.30 The force-deflection equation for a nonlinear spring fixed at one 
end is F = 5x"? where F is the force, expressed in newtons, applied 
at the other end and x is the deflection expressed in meters. 
(a) Determine the deflection xp if a 120-g block is suspended from 
the spring and is at rest. (b) Assuming that the slope of the force- 
deflection curve at the point corresponding to this loading can be 
used as an equivalent spring constant, determine the frequency of 
vibration of the block if it is given a very small downward displace- 
ment from its equilibrium position and released. 
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Fig. P19.31 


19.31 If h = 700 mm and d = 500 mm and each spring has a constant 

= 600 N/m, determine the mass m for which the period of small 

oscillations is (a) 0.50 s, (b) infinite. Neglect the mass of the rod and 
assume that each spring can act in either tension or compression. 


id 19.32 Denoting by 6, the static deflection of a beam under a given load, 
show that the frequency of vibration of the load is 


ey a 
f= Q7 V by 


Neglect the mass of the beam, and assume that the load remains 
in contact with the beam. 


*19.33 Expanding the integrand in Eq. (19.19) of Sec. 19.4 into a series of 
even powers of sin ¢ and integrating, show that the period of a 
simple pendulum of length | may be approximated by the formula 


g 6, 
T= an | (1 + + sin® ) 
g 2 


where 9, is the amplitude of the oscillations. 


*19.34 Using the formula given in Prob. 19.33, determine the amplitude 
6,, for which the period of a simple pendulum is $ percent longer 
than the period of the same pendulum for small oscillations. 


*19.35 Using the data of Table 19.1, determine the period of a simple 


pendulum of length 7 = 750 mm (@) for small oscillations, (b) for 
oscillations of amplitude 6, = 60°, (c) for oscillations of amplitude 
6,, = 90°. 


*19.36 Using the data of Table 19.1, determine the length in inches of a 
simple pendulum which oscillates with a period of 2 s and an 
amplitude of 90°. 


19.5 FREE VIBRATIONS OF RIGID BODIES 


The analysis of the vibrations of a rigid body or of a system or rigid 
bodies possessing a single degree of freedom is similar to the analysis 
of the vibrations of a particle. An appropriate variable, such as a 
distance x or an angle @, is chosen to define the position of the body 
or system of bodies, and an equation relating this variable and its 
second derivative with respect to t is written. If the equation obtained 
is of the same form as (19.6), ie., if we have 


x + wx = 0 or 6+ 076 =0 (19.21) 


the vibration considered is a simple harmonic motion. The period 
and natural frequency of the vibration can then be obtained by iden- 
tifying w, and substituting its value into Eqs. (19.13) and (19.14). 
In general, a simple way to obtain one of Eqs. (19.21) is to 
express that the system of the external forces is equivalent to the 
system of the effective forces by drawing a free-body-diagram equa- 
tion for an arbitrary value of the variable and writing the appropriate 
equation of motion. We recall that our goal should be the determination 


of the coefficient of the variable x or 0, not the determination of the 
variable itself or of the derivative X or 0. Setting this coefficient equal 
to ,,, we obtain the natural circular frequency @,, from which 7, and 
fn can be determined. 

The method we have outlined can be used to analyze vibrations 
which are truly represented by a simple harmonic motion, or vibra- 
tions of small amplitude which can be approximated by a simple 
harmonic motion. As an example, let us determine the period of the 
small oscillations of a square plate of side 2b which is suspended 
from the midpoint O of one of its sides (Fig. 19.5a). We consider the 
plate in an arbitrary position defined by the angle 6 that the line OG 
forms with the vertical and draw a free-body-diagram equation to 
express that the weight W of the plate and the components R, and R, 
of the reaction at O are equivalent to the vectors ma, and ma, and to 
the couple la (Fig. 19.5b). Since the angular velocity and angular 
acceleration of the plate are equal, respectively, to @ and 6, the mag- 
nitudes of the two vectors are, respectively, mb and mb6”, while the 
moment of the couple is 10. In previous applications of this method 
(Chap. 16), we tried whenever possible to assume the correct sense 
for the acceleration. Here, however, we must assume the same posi- 
tive sense for @ and 6 in order to obtain an equation of the form 
(19.21). Consequently, the angular acceleration @ will be assumed 
positive counterclockwise, even though this assumption is obviously 
unrealistic. Equating moments about O, we write 


+% —W(b sin 0) = (mbé)b + 16 

Noting that T = yym[(2b) + (2bY] = }mb? and W = mg, we obtain 
~ 38 
6+ Bb sin 0 = 0 (19.22) 


For oscillations of small amplitude, we can replace sin @ by 0, 
expressed in radians, and write 

x. B2 

@+—=20=0 19.23 

5b ( ) 
Comparison with (19.21) shows that the equation obtained is that of 
a simple harmonic motion and that the natural circular frequency ,, 
of the oscillations is equal to (3g/5b)"”. Substituting into (19.13), we 
find that the period of the oscillations is 
Qa 5b 


= 27,/— (19.24) 
W, 3g 


Tn = 


The result obtained is valid only for oscillations of small ampli- 
tude. A more accurate description of the motion of the plate is 
obtained by comparing Eqs. (19.16) and (19.22). We note that the 
two equations are identical if we choose / equal to 5b/3. This means 
that the plate will oscillate as a simple pendulum of length / = 5b/3 
and the results of Sec. 19.4 can be used to correct the value of the 
period given in (19.24). The point A of the plate located on line OG 
at a distance | = 5b/3 from O is defined as the center of oscillation 
corresponding to O (Fig. 19.52). 


19.5 Free Vibrations of Rigid Bodies 
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SAMPLE PROBLEM 19.2 


A cylinder of weight W and radius r is suspended from a looped cord as 
shown. One end of the cord is attached directly to a rigid support, while 
the other end is attached to a spring of constant k. Determine the period 
and natural frequency of the vibrations of the cylinder. 


SOLUTION 


Kinematics of Motion. We express the linear displacement and the accel- 
eration of the cylinder in terms of the angular displacement 6. Choosing the 
positive sense clockwise and measuring the displacements from the equilib- 
rium position, we write 


x =r 6 = 2x = 2r0 

a=6) a@ = ra =r6 a=rol (1) 
Equations of Motion. The system of external forces acting on the cylinder 
consists of the weight W and of the forces T, and T, exerted by the cord. 


We express that this system is equivalent to the system of effective forces 
represented by the vector ma attached at G and the couple Ia. 


+)=M, = =(M ese: Wir T2(2r) = mar + Ta (2) 


When the cylinder is in its position of equilibrium, the tension in the cord 
is Lp = 3W. We note that for an angular displacement 0, the magnitude of 
Ty is 


To = Ty + k8 = 3W + kd = SW + (278) (3) 
Substituting from (1) and (3) into (2), and recalling that l= smr, we write 


Wr — (3W + 2krd)(2r) = m(r6)r + zmr26 


- 8k 
G) ap ===) = (0) 
3m 


The motion is seen to be simple harmonic, and we have 


a Is IS k 
O, = On = 
8) U0 3m 


Qa te m 
= = 9 pate 
Tn a Tn 7 ao < 
On Wish if 
f= on f= on 3m < 


- * SAMPLE PROBLEM 19.3 


A circular disk, weighing 20 Ib and of radius 8 in., is suspended from a wire 
as shown. The disk is rotated (thus twisting the wire) and then released; the 
period of the torsional vibration is observed to be 1.13 s. A gear is then 
suspended from the same wire, and the period of torsional vibration for 
the gear is observed to be 1.93 s. Assuming that the moment of the couple 
exerted by the wire is proportional to the angle of twist, determine (a) the 
torsional spring constant of the wire, (b) the centroidal moment of inertia 
of the gear, (c) the maximum angular velocity reached by the gear if it is 
rotated through 90° and released. 


SOLUTION 


a. Vibration of Disk. Denoting by 6 the angular displacement of the 
disk, we express that the magnitude of the couple exerted by the wire is 
M = Ké, where K is the torsional spring constant of the wire. Since this 
couple must be equivalent to the couple J@ representing the effective 
forces of the disk, we write 


+My = D(Mo)en +Ko = -16 


The motion is seen to be simple harmonic, and we have 


oe Qa a 
oO, == Ta = Ca = Qar re! (1) 
I @, K 


For the disk, we have 


= 1/ 201b Save 
T, = 1.138 = i — ( =)( n) = 0.138 Ib - ft - s? 
2\ 32.2 ft/s"/\ 12 


Substituting into (1), we obtain 


Le = 2m [0158 K= 4.27 lb: ft/rad << 


b. Vibration of Gear. Since the period of vibration of the gear is 1.93 s 
and K = 4.27 lb - ft/rad, Eq. (1) yields 


| it = 5 
M9 3h — a2, hse = OB Moo tie 9 
9 1 197 ni b:-ft:-s° < 


c. Maximum Angular Velocity of Gear. Since the motion is simple har- 
monic, we have 


6 = 86,, sin @,t @ = 0,0, COS @,t Om = Inn 


Recalling that 6,, = 90° = 1.571 rad and 7 = 1.93 s, we write 


oe Pray 
oe = (1.571 rad)( 2 — 
On Onn an( ie ) ( Q gad ( 1.93 ‘| 


@, = 5.11 rad/s 
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SOLVING SFPROBLEMS 
JN FOUR OWN 


L: this lesson you saw that a rigid body, or a system of rigid bodies, whose posi- 
tion can be defined by a single coordinate x or 6, will execute a simple harmonic 
motion if the differential equation obtained by applying Newton’s second law is of 
the form 


i+ wx =0 or 6 + w6 = 0 (19.21) 


Your goal should be to determine w,, from which you can obtain the period r,, 
and the natural frequency f,,. Taking into account the initial conditions, you can 
then write an equation of the form 


x =x, sin (@,t + d) (19.10) 


where x should be replaced by 6 if a rotation is involved. To solve the problems 
in this lesson, you will follow these steps: 


1. Choose a coordinate which will measure the displacement of the body 
from its equilibrium position. You will find that many of the problems in this les- 
son involve the rotation of a body about a fixed axis and that the angle measuring 
the rotation of the body from its equilibrium position is the most convenient coor- 
dinate to use. In problems involving the general plane motion of a body, where a 
coordinate x (and possibly a coordinate y) is used to define the position of the mass 
center G of the body, and a coordinate 6 is used to measure its rotation about G, 
find kinematic relations which will allow you to express x (and y) in terms of 6 
[Sample Prob. 19.2]. 


2. Draw a free-body-diagram equation to express that the system of the exter- 
nal forces is equivalent to the system of the effective forces, which consists of the 
vector ma and the couple Ia, where a = * and a = 6. Be sure that each applied 
force or couple is drawn in a direction consistent with the assumed displacement 
and that the senses of a and @ are, respectively, those in which the coordinates x 
and @ are increasing. 


3. Write the differential equations of motion by equating the sums of the com- 
ponents of the external and effective forces in the x and y directions and the sums 
of their moments about a given point. If necessary, use the kinematic relations 
developed in step 1 to obtain equations involving only the coordinate 0. If @ is a 
small angle, replace sin 6 by 6 and cos 6 by 1, if these functions appear in your 
equations. Eliminating any unknown reactions, you will obtain an equation of the 
type of Eqs. (19.21). Note that in problems involving a body rotating about a fixed 
axis, you can immediately obtain such an equation by equating the moments of 
the external and effective forces about the fixed axis. 


4. Comparing the equation you have obtained with one of Eqs. (19.21), you 
can identify w; and, thus, determine the natural circular frequency ,,. Remember 
that the object of your analysis is not to solve the differential equation you have 
obtained, but to identify w.. 


5. Determine the amplitude and the phase angle @ by substituting the value 
obtained for w, and the initial values of the coordinate and its first derivative into 
Eq. (19.10) and the equation obtained by differentiating (19.10) with respect to t. 
From Eq. (19.10) and the two equations obtained by differentiating (19.10) twice 
with respect to t, and using the kinematic relations developed in step 1, you will 
be able to determine the position, velocity, and acceleration of any point of the 
body at any given time. 


6. In problems involving torsional vibrations, the torsional spring constant K is 
expressed in N - m/rad or |b - ft/rad. The product of K and the angle of twist 0, 
expressed in radians, yields the moment of the restoring couple, which should be 
equated to the sum of the moments of the effective forces or couples about the 
axis of rotation [Sample Prob. 19.3]. 
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PROBLEMS 
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= < 19.38 
ee 
IK 14m | 
Fig. P19.37 
19.39 


19.40 


Fig. P19.39 


1234 


k = 500 N/m at B andk = 620 N/m at C, which can act in tension 
or compression. If the end C of the rod is depressed slightly and 
released, determine (a) the frequency of vibration, (b) the ampli- 
tude of the motion of point C, knowing that the maximum velocity 
of that point is 0.9 m/s. 


oe 19.37 The 5-kg uniform rod AC is attached to springs of constant 


The uniform rod shown weighs 15 Ib and is attached to a spring 
of constant k = 4 lb/in. If end B of the rod is depressed 0.4 in. 
and released, determine (a) the period of vibration, (b) the maxi- 
mum velocity of end B. 


AC 


Fig. P19.38 


A 30-lb uniform cylinder can roll without sliding on a 15°-incline. 
A belt is attached to the rim of the cylinder, and a spring holds the 
cylinder at rest in the position shown. If the center of the cylinder 
is moved 2 in. down the incline and released, determine (a) the 
period of vibration, (b) the maximum acceleration of the center of 
the cylinder. 


A 15-Ib slender rod AB is riveted to a 12-Ib uniform disk as shown. 
A belt is attached to the rim of the disk and to a spring which 
holds the rod at rest in the position shown. If end A of the rod is 
moved 0.75 in. down and released, determine (a) the period of 
vibration, (b) the maximum velocity of end A. 


36 in. 


k= a Ib/in. 


D 


Fig. P19.40 


19.41 An 8-kg uniform rod AB is hinged to a fixed support at A and 
is attached by means of pins B and C to a 12-kg disk of radius 
400 mm. A spring attached at D holds the rod at rest in the position 
shown. If point B is moved down 25 mm and released, determine 
(a) the period of vibration, (b) the maximum velocity of point B. 


19.42 Solve Prob. 19.41, assuming that pin C is removed and that the 
disk can rotate freely about pin B. 


19.43 A belt is placed around the rim of a 240-kg flywheel and attached 
as shown to two springs, each of constant k = 15 kN/m. If end C 
of the belt is pulled 40 mm down and released, the period of 
vibration of the flywheel is observed to be 0.5 s. Knowing that the 
initial tension in the belt is sufficient to prevent slipping, deter- 
mine (a) the maximum angular velocity of the flywheel, (b) the 
centroidal radius of gyration of the flywheel. 


19.44 A 75-mm-radius hole is cut in a 200-mm-radius uniform disk 
which is attached to a frictionless pin at its geometric center O. 
Determine (a) the period of small oscillations of the disk, (b) the 
length of a simple pendulum which has the same period. 


75 mm 


200 mm 


Fig. P19.44 


19.45 Two small weights w are attached at A and B to the rim of a uni- 
form disk of radius r and weight W. Denoting by 7 the period of 
small oscillations when B = 0, determine the angle B for which 
the period of small oscillations is 27». 


Fig. P19.45 and P19.46 


19.46 Two 0.1-lb weights are attached at A and B to the rim of a 3-lb 
uniform disk of radius r = 4 in. Determine the frequency of small 
oscillations when B = 60°. 


Problems ] 235 


k = 800 N/m 
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Fig. P19.41 
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Fig. P19.43 


1236 Mechanical Vibrations 19.47 For the uniform square plate of side b = 300 mm, determine 
(a) the period of small oscillations if the plate is suspended as 
shown, (b) the distance c from O to a point A from which the plate 

O Crm should be suspended for the period to be a minimum. 


. 19.48 A connecting rod is supported by a knife-edge at point A; the 

| period of its small oscillations is observed to be 0.87 s. The rod is 
then inverted and supported by a knife edge at point B and the 
period of its small oscillations is observed to be 0.78 s. Knowing 
that r, + r, = 10 in., determine (a) the location of the mass center 
G, (b) the centroidal radius of gyration k. 


Fig. P19.47 


Fig. P19.48 


19.49 For the uniform equilateral triangular plate of side | = 300 mm, 
O determine the period of small oscillations if the plate is suspended 
” from (a) one of its vertices, (b) the midpoint of one of its sides. 


l 19.50 A uniform disk of radius r = 250 mm is attached at A to a 650-mm 
rod AB of negligible mass which can rotate freely in a vertical plane 
about B. Determine the period of small oscillations (a) if the disk 
is free to rotate in a bearing at A, (b) if the rod is riveted to the 
disk at A. 


y : “Bly 


Fig. P19.49 \ 


r= 250 mm 


L 


d 
cH | Fig. P19.50 


19.51 A small collar weighing 2 lb is rigidly attached to a 6-lb uniform 
rod of length L = 3 ft. Determine (a) the distance d to maximize 
the frequency of oscillation when the rod is given a small initial 

Fig. P19.51 displacement, (b) the corresponding period of oscillation. 


B@_ 


19.52 A compound pendulum is defined as a rigid slab which oscillates 
about a fixed point O, called the center of suspension. Show that 
the period of oscillation of a compound pendulum is equal to the 
period of a simple pendulum of length OA, where the distance 
from A to the mass center G is GA = k°/F. Point A is defined as 
the center of oscillation and coincides with the center of percus- 
sion defined in Prob. 17.66. 


Fig. P19.52 and P19.53 


19.53 A rigid slab oscillates about a fixed point O. Show that the smallest 
period of oscillation occurs when the distance r from point O to 
the mass center G is equal to k. 


19.54 Show that if the compound pendulum of Prob. 19.52 is suspended 
from A instead of O, the period of oscillation is the same as before 
and the new center of oscillation is located at O. 


19.55 The 8-kg uniform bar AB is hinged at C and is attached at A to a 
spring of constant k = 500 N/m. If end A is given a small displace- 
ment and released, determine (a) the frequency of small oscilla- 
tions, (b) the smallest value of the spring constant k for which 
oscillations will occur. 


19.56 A 45-lb uniform square plate is suspended from a pin located at 
the midpoint A of one of its 1.2-ft edges and is attached to 
springs, each of constant k = 8 lb/in. If corner B is given a small 
displacement and released, determine the frequency of the 
resulting vibration. Assume that each spring can act in either 
tension or compression. 


ewer Bd wwe 


Fig. P19.56 


19.57 Two uniform rods, each of mass m = 12 kg and length L = 800 mm, 
are welded together to form the assembly shown. Knowing that the 
constant of each spring is k = 500 N/m and that end A is given a 
small displacement and released, determine the frequency of the 
resulting motion. 


250 mm 


Fig. P19.55 


~— 
40 mm 
+ te) C 
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Fig. P19.58 


Py 19.60 


Fig. P19.60 


19.62 


The rod ABC of total mass m is bent as shown and is supported 
in a vertical plane by a pin at B and by a spring of constant k at 
C. If end C is given a small displacement and released, determine 
the frequency of the resulting motion in terms of m, L, and k. 


A uniform disk of radius r = 250 mm is attached at A to a 650-mm 
rod AB of negligible mass which can rotate freely in a vertical 
plane about B. If the rod is displaced 2° from the position shown 
and released, determine the magnitude of the maximum velocity 
of point A, assuming that the disk (a) is free to rotate in a bearing 
at A, (b) is riveted to the rod at A. 


r = 250mm 


Fig. P19.59 


A 6-lb slender rod is suspended from a steel wire which is known 
to have a torsional spring constant K = 1.5 ft - Ib/rad. If the rod 
is rotated through 180° about the vertical and released, determine 
(@) the period of oscillation, (b) the maximum velocity of end A of 
the rod. 


A homogeneous wire bent to form the figure shown is attached to 
a pin support at A. Knowing that r = 220 mm and that point B 
is pushed down 20 mm and released, determine the magnitude of 
the velocity of B, 8 s later. 


Fig. P19.61 and P19.62 


A homogeneous wire bent to form the figure shown is attached to 
a pin support at A. Knowing that r = 16 in. and that point B is 
pushed down 1.5 in. and released, determine the magnitude of the 
acceleration of B, 10 s later. 


19.63 


19.64 


19.65 


19.66 


A uniform disk of radius r = 120 mm is welded at its center to 
two elastic rods of equal length with fixed ends at A and B. Know- 
ing that the disk rotates through an 8° angle when a 500-mN - m 
couple is applied to the disk and that it oscillates with a period of 
1.3 s when the couple is removed, determine (a) the mass of the 
disk, (b) the period of vibration if one of the rods is removed. 


A 10-lb uniform rod CD of length | = 2.2 ft is welded at C to two 
elastic rods, which have fixed ends at A and B and are known to 
have a combined torsional spring constant K = 18 |b - ft/rad. 
Determine the period of small oscillations, if the equilibrium posi- 
tion of CD is (a) vertical as shown, (b) horizontal. 


Fig. P19.64 


A 1.8-kg uniform plate in the shape of an equilateral triangle is 
suspended at its center of gravity from a steel wire which is known 
to have a torsional constant K = 35 mN - m/rad. If the plate is 
rotated 360° about the vertical and then released, determine 
(a) the period of oscillation, (b) the maximum velocity of one of 
the vertices of the triangle. 


Pr —. 


|W__150 i= 


Fig. P19.65 


A horizontal platform P is held by several rigid bars which are 
connected to a vertical wire. The period of oscillation of the plat- 
form is found to be 2.2 s when the platform is empty and 3.8 s 
when an object A of unknown moment of inertia is placed on the 
platform with its mass center directly above the center of the plate. 
Knowing that the wire has a torsional constant K = 20 lb - ft/rad, 
determine the centroidal moment of inertia of object A. 


Fig. P19.63 


Fig. P19.66 


Problems 
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Fig. P19.68 


19.67 A thin rectangular plate of sides a and b is suspended from four 
vertical wires of the same length /. Determine the period of small 
oscillations of the plate when (q) it is rotated through a small angle 
about a vertical axis through its mass center G, (b) it is given a 
small horizontal displacement in a direction perpendicular to AB, 
(c) it is given a small horizontal displacement in a direction per- 
pendicular to BC. 


A 4 ___ a ——_~’B 
Fig. P19.67 


19.68 A circular disk of radius r = 0.8 m is suspended at its center C 
from wires AB and BC soldered together at B. The torsional spring 
constants of the wires are K; = 100 N - m/rad for AB and Ky = 
50 N - m/rad for BC. If the period of oscillation is 0.5 s about the 
axis AC, determine the mass of the disk. 


19.6 APPLICATION OF THE PRINCIPLE 
OF CONSERVATION OF ENERGY 


We saw in Sec. 19.2 that when a particle of mass m is in simple 
harmonic motion, the resultant F of the forces exerted on the parti- 
cle has a magnitude proportional to the displacement x measured 
from the position of equilibrium O and is directed toward O; we 
write F = —kx. Referring to Sec. 13.6, we note that F is a conserva- 
tive force and that the corresponding potential energy is V = 3kx*, 
where V is assumed equal to zero in the equilibrium position x = 0. 
Since the velocity of the particle is equal to x, its kinetic energy is 
T = 3m and we can express that the total energy of the particle is 
conserved by writing 


T + V = constant smi? + skx* = constant 
Dividing through by m/2 and recalling from Sec. 19.2 that k/m = @;,, 
where @,, is the natural circular frequency of the vibration, we have 


? = constant (19.25) 


x" + wx 


Equation (19.25) is characteristic of a simple harmonic motion, since 
it can be obtained from Eq. (19.6) by multiplying both terms by 2x 
and integrating. 

The principle of conservation of energy provides a convenient 
way for determining the period of vibration of a rigid body or of a 
system of rigid bodies possessing a single degree of freedom, once 
it has been established that the motion of the system is a simple 
harmonic motion or that it can be approximated by a simple har- 
monic motion. Choosing an appropriate variable, such as a distance 
x or an angle 6, we consider two particular positions of the system: 


1. The displacement of the system is maximum; we have T, = 0, 
and V, can be expressed in terms of the amplitude x,, or 6,, 
(choosing V = 0 in the equilibrium position). 

2. The system passes through its equilibrium position; we have 
V, = 0, and T, can be expressed in terms of the maximum 
velocity Xm or the maximum angular velocity 6,,. 


We then express that the total energy of the system is con- 
served and write T; + V; = Tz + Vo. Recalling from (19.15) that for 
simple harmonic motion the maximum velocity is equal to the prod- 
uct of the amplitude and of the natural circular frequency w,, we 
find that the equation obtained can be solved for o,. 

As an example, let us consider again the square plate of Sec. 19.5. 
In the position of maximum displacement (Fig. 19.62), we have 


T, =0 V, = Wb — b cos 6,,) = WhH(1 — cos 8,,) 


or, since 1 — cos 6, = 2 sin” (0,,/2) ~ 2(6,,/2)" = 0%,/2 for oscilla- 
tions of small amplitude, 


7 =0 V, = 2Wbe?, (19.26) 


As the plate passes through its position of equilibrium (Fig. 19.6b), 
its velocity is maximum and we have 


To = smo», + 51, = tmb?6?, + 16>, V, = 0 
or, recalling from Sec. 19.5 that I = 3mb’, 
T, = 4(2mb?)6?, Vv, =0 (19.27) 


Substituting from (19.26) and (19.27) into T; + V; = T; + Vs, and 
noting that the maximum velocity 0, is equal to the product 6,,@,, 
we write 


SWbé?, = $(2mb?) 62,0? (19.28) 
which yields wo, = 3g/5b and 


2 [5b 
T= ul = 2r (19.29) 
On 3a 


fo) 


as previously obtained. 


19.6 Application of the Principle of 
Conservation of Energy 


(b) 
Fig. 19.6 
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SAMPLE PROBLEM 19.4 


Determine the period of small oscillations of a cylinder of radius r which 
rolls without slipping inside a curved surface of radius R. 


SOLUTION 


We denote by @ the angle which line OG forms with the vertical. Since the 
cylinder rolls without slipping, we may apply the principle of conservation of 
energy between position 1, where 0 = @,,, and position 2, where 6 = 0. 


Position 1 

Kinetic Energy. Since the velocity of the cylinder is zero, T; = 0. 
Potential Energy. Choosing a datum as shown and denoting by W the 
weight of the cylinder, we have 


V, = Wh = WR - vr) 

Noting that for small oscillations (1 — cos 6) = 2 sin? (0/2) ~ 67/2, we have 
62 
Wa = WR = as 


cos 0) 


Position 2. Denoting by 6, the angular velocity of line OG as the cylinder 
passes through position 2, and observing that point C is the instantaneous 
center of rotation of the cylinder, we write 


” Om 


Om =~ (i= iO On — -P = On 


Kinetic Energy 


ane 2 
Ts = gv ar Lon 


= I(r = 7), + Kame (4 
= Imi ~ 1) 
Potential Energy 
Vv, = 0 
Conservation of Energy 


Tey sr Way = dls ap WG, 
@2 


OR (ty eg a) Oa 10 
Since 6,, = @,9,, and W = mg, we write 
0, ae 
mg(R = rE = (R= r)%(0,0,)? — @2 = =e — 
Qar SIR = 7 
Tr = Tn a7 < 
@, 2 g 


SOLVING FROBLEMS 
YN TOUR OWN 


L. the problems which follow you will be asked to use the principle of conserva- 
tion of energy to determine the period or natural frequency of the simple har- 
monic motion of a particle or rigid body. Assuming that you choose an angle @ to 
define the position of the system (with 6 = 0 in the equilibrium position), as you 
will in most of the problems in this lesson, you will express that the total energy 
of the system is conserved, T; + V; = Tz + Vo, between the position 1 of maximum 
displacement (6; = 6,,, 6, = 0) and the position 2 of maximum velocity (0. = 0», 
6, = 0). It follows that T; and V, will both be zero, and the energy equation will 
reduce to V; = T2, where V, and T; are homogeneous quadratic expressions in 6,, 
and 6,,, respectively. Recalling that, for a simple harmonic motion, 0,, = 0,0, 
and substituting this product into the energy equation, you will obtain, after reduc- 
tion, an equation that you can solve for w,. Once you have determined the natural 
circular frequency ,, you can obtain the period 7, and the natural frequency f, 
of the vibration. 


The steps that you should take are as follows: 


1. Calculate the potential energy V, of the system in its position of maximum 
displacement. Draw a sketch of the system in its position of maximum displace- 
ment and express the potential energy of all the forces involved (internal as well 
as external) in terms of the maximum displacement x,, or 6). 

a. The potential energy associated with the weight W of a body is V, = 
W,, where y is the elevation of the center of gravity G of the body above its 
equilibrium position. If the problem you are solving involves the oscillation of a 
rigid body about a horizontal axis through a point O located at a distance b from 

G (Fig. 19.6), express y in terms of the angle 6 that the line OG forms with the 
vertical: y = b(1 — cos 8). But, for small values of 8, you can replace this expres- 


sion with y = she” [Sample Prob. 19.4]. Therefore, when @ reaches its maximum 
value 6,,, and for oscillations of small amplitude, you can express V, as 
Ve= — 5Wb On 


Note that if G is located above O in its equilibrium position (instead of below O, 
as we have assumed), the vertical displacement y will be negative and should be 
approximated as y = —zb6°, which will result in a negative value for V,. In the 
absence of other forces, the equilibri ium position will be unstable, and the system 
will not oscillate. (See, for instance, Prob. 19.91.) 

b. The potential energy associated with the elastic force exerted by a 
spring is V. = 3kx’, where k is the constant of the spring and x its deflection. In 
problems involving the rotation of a body about an axis, you will generally have 
x = a0, where a is the distance from the axis of rotation to the point of the body 


(continued) 
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where the spring is attached, and where 6 is the angle of rotation. Therefore, when 
x reaches its maximum value x,, and @ reaches its maximum value 6,,, you can 
express V, as 


— 1h — 17.242 
vo ~ KX _ gka On 


c. The potential energy V, of the system in its position of maximum dis- 
placement is obtained by adding the various potential energies that you have 
computed. It will be equal to the product of a constant and 6;,. 


2. Calculate the kinetic energy T, of the system in its position of maximum 
velocity. Note that this position is also the equilibrium position of the system. 

a. If the system consists of a single rigid body, the kinetic energy T, of the 
system will be the sum of the kinetic energy associated with the motion of the 
mass center G of the body and the kinetic energy associated with the rotation of 
the body about G. You will write, therefore, 


oe De? V7 22) 
Ts = FMV + zlw,, 


Assuming that the position of the body has been defined by an angle 0, express 
v,, and w,, in terms of the rate of change 6, of 6 as the body passes through its 
equilibrium position. The kinetic energy of the body will thus be expressed as the 
product of a constant and 62,. Note that if @ measures the rotation of the body 
about its mass center, as was the case for the plate of Fig. 19.6, then w,, = 6,,. In 
other cases, however, the kinematics of the motion should be used to derive a 
relation between w,, and 6, [Sample Prob. 19.4]. 

b. If the system consists of several rigid bodies, repeat the above computa- 
tion for each of the bodies, using the same coordinate 6, and add the results 
obtained. 


3. Equate the potential energy V, of the system to its kinetic energy 7», 
Vy = T> 


and, recalling the first of Eqs. (19.15), replace 6,, in the right-hand term by the 
product of the amplitude 6,, and the circular frequency w,. Since both terms now 
contain the factor 67,, this factor can be canceled and the resulting equation can 
be solved for the circular frequency ,. 


PROBLEMS 


All problems are to be solved using the method of Sec. 19.6. “| 


19.69 Determine the period of small oscillations of a small particle which 
moves without friction inside a cylindrical surface of radius R. 


19.70 A 14-oz sphere A and a 10-0z sphere C are attached to the ends 
of a rod AC of negligible weight which can rotate in a vertical plane 


about an axis at B. Determine the period of small oscillations of _, 
the rod. Fig. P19.69 


19.71 A 1.8-kg collar A is attached to a spring of constant 800 N/m and @ A 
can slide without friction on a horizontal rod. If the collar is moved 


70 mm to the left from its equilibrium position and released, deter- a 
mine the maximum velocity and maximum acceleration of the col- ia 
lar during the resulting motion. 
= 
B 
8in 
Fig. P19.71 and P19.72 


' +_Qc 
19.72 A 3-lb collar A is attached to a spring of constant 5 Ib/in. and can 
slide without friction on a horizontal rod. The collar is at rest when Fig. P19.70 
it is struck with a mallet and given an initial velocity of 35 in./s. 
Determine the amplitude of the resulting motion and the maxi- 
mum acceleration of the collar. 


19.73 A uniform rod AB can rotate in a vertical plane about a horizontal Aaj, 
axis at C located at a distance c above the mass center G of the 
rod. For small oscillations determine the value of c for which the 
frequency of the motion will be maximum. Gc 1 


19.74 A homogeneous wire of length 2/ is bent as shown and allowed toc 
oscillate about a frictionless pin at B. Denoting by 7) the period | _ 
of small oscillations when B = 0, determine the angle B for which 
the period of small oscillations is 2 7». 

B il 

Fig. P19.73 


= 


Fig. P19.74 


eee 
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1246 = Mechanical Vibrations 19.75 The inner rim of an 85-lb flywheel is placed on a knife edge, and 
the period of its small oscillations is found to be 1.26 s. Determine 
the centroidal moment of inertia of the flywheel. 


19.76 A connecting rod is supported by a knife edge at point A; the 
period of its small oscillations is observed to be 1.03 s. Knowing 
that the distance r, is 150 mm, determine the centroidal radius of 
gyration of the connecting rod. 


Fig. P19.75 


— () 
L 
Fig. P19.76 
B C 19.77 The rod ABC of total mass m is bent as shown and is supported 

aa z in a vertical plane by a pin at B and a spring of constant k at C. 
: If end C is given a small displacement and released, determine the 
Sk f f the resulti ion i f dk 
Ss requency of the resulting motion in terms of m, L, and k. 


is attached to a spring AB as shown. If the center of the cylinder 
is moved 0.4 in. down the incline and released, determine (a) the 
period of vibration, (b) the maximum velocity of the center of the 
cylinder. 


I< L 


2] 
19.78 A 15-lb uniform cylinder can roll without sliding on an incline and 
Fig. P19.77 
a, hr 
l 


Fig. P19.78 


are welded together to form the assembly shown. Knowing that 
the constant of each spring is k = 0.6 Ib/in. and that end A is given 
a small displacement and released, determine the frequency of the 
Fig. P19.79 resulting motion. 


D 
___e 
= k 
2 19.79 Two uniform rods, each of weight W = 1.2 lb and length / = 8 in., 


bo|~ 
bol|~ 


19.80 


19.81 


19.82 


19.83 


19.84 


19.85 


A slender 8-kg rod AB of length / = 600 mm is connected to two 
collars of negligible mass. Collar A is attached to a spring of con- 
stant k = 1.2 kN/m and can slide on a vertical rod, while collar B 
can slide freely on a horizontal rod. Knowing that the system is in 
equilibrium and that 6 = 40°, determine the period of vibration 
if collar B is given a small displacement and released. 


A slender rod AB of length 1 = 600 mm and negligible mass is 
connected to two collars, each of mass 8 kg, Collar A is attached 
to a spring of constant k = 1.2 kN/m and can slide on a vertical 
rod, while collar B can slide freely on a horizontal rod. Knowing 
that the system is in equilibrium and that @ = 40°, determine the 
period of vibration if collar A is given a small displacement and 
released. 


A 3-kg slender rod AB is bolted to a 5-kg uniform disk. A spring of 
constant 280 N/m is attached to the disk and is unstretched in the 
position shown. If end B of the rod is given a small displacement 
and released, determine the period of vibration of the system. 


Fig. P19.82 


A 14-oz sphere A and a 10-oz sphere C are attached to the ends 
of a 20-0z rod AC which can rotate in a vertical plane about an 
axis at B. Determine the period of small oscillations of the rod. 


Three identical rods are connected as shown. If b = 31, determine 
the frequency of small oscillations of the system. 


An 800-g rod AB is bolted to a 1.2-kg disk. A spring of constant 
k = 12 N/m is attached to the center of the disk at A and to the 
wall at C. Knowing that the disk rolls without sliding, determine 
the period of small oscillations of the system. 


600 mm 


Fig. P19.85 


Problems 


Fig. P19.80 and P19.81 


1—@Qc 


Fig. P19.83 


Fig. P19.84 
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1248 Mechanical Vibrations 19.86 and 19.87 Two uniform rods AB and CD, each of length / and 
mass m, are attached to gears as shown. Knowing that the mass 
of gear C is m and that the mass of gear A is 4m, determine the 
period of small oscillations of the system. 


Fig. P19.87 


19.88 A 10-lb uniform rod CD is welded at C to a shaft of negligible 
mass which is welded to the centers of two 20-lb uniform disks A 
and B. Knowing that the disks roll without sliding, determine the 
period of small oscillations of the system. 


19.89 Four bars of the same mass m and equal length | are connected 
by pins at A, B, C, and D and can move in a horizontal plane. The 
bars are attached to four springs of the same constant k and are 
in equilibrium in the position shown (6 = 45°). Determine the 
period of vibration if corners A and C are given small and equal 
displacements toward each other and released. 


Fig. P19.88 


4in. Fig. P19.89 


ik aad 19.90 The 20-lb rod AB is attached to two 8-lb disks as shown. Knowing 
ye that the disks roll without sliding, determine the frequency of 
Fig. P19.90 small oscillations of the system. 


19.91 


19.92 


19.93 


19.94 


19.95 


An inverted pendulum consisting of a sphere of weight W and a 
rigid bar ABC of length / and negligible weight is supported by a 
pin and bracket at C. A spring of constant k is attached to the bar 
at B and is undeformed when the bar is in the vertical position 
shown. Determine (a) the frequency of small oscillations, (b) the 
smallest value of a for which these oscillations will occur. 


For the inverted pendulum of Prob. 19.91 and for given values of 
k, a, and l, it is observed that f = 1.5 Hz when W = 2 lb and that 
f = 0.8 Hz when W = 4 lb. Determine the largest value of W for 
which small oscillations will occur. 


A uniform rod of length L is supported by a ball-and-socket joint 
at A and by a vertical wire CD. Derive an expression for the period 
of oscillation of the rod if end B is given a small horizontal dis- 
placement and then released. 


Fig. P19.93 


A 2-kg uniform rod ABC is supported by a pin at B and is attached 
to a spring at C. It is connected at A to a 2-kg block DE which is 
attached to a spring and can roll without friction. Knowing that 
each spring can act in tension or compression, determine the fre- 
quency of small oscillations of the system when the rod is rotated 
through a small angle and released. 


600 mm 


k = 50 N/m 
Fig. P19.94 


A 1.4-lb uniform arm ABC is supported by a pin at B and is 
attached to a spring at A. It is connected at C to a 3-Ib weight W 
which is attached to a spring. Knowing that each spring can act in 
tension or compression, determine the frequency of small oscilla- 
tions of the system when the weight is given a small vertical dis- 
placement and released. 


Problems 


k A 
Powys 


C fe) + 


Fig. P19.91 and P19.92 


= k=1.5 lbfn. 


|< 12 in. ~| 


Fig. P19.95 
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1250 Mechanical Vibrations *19.96 Two uniform rods AB and BC, each of mass m and length J, are 
pinned together at A and are pin-connected to small rollers at B 
and C. A spring of constant k is attached to the pins at B and C, 
and the system is observed to be in equilibrium when each rod 
forms an angle B with the vertical. Determine the period of small 
oscillations when point A is given a small downward deflection and 
released. 


*19.97 As a submerged body moves through a fluid, the particles of the 
fluid flow around the body and thus acquire kinetic energy. In the 
case of a sphere moving | in an ideal fluid, the total kinetic energy 
acquired by the fluid is j tpVv~, where p is the mass density of the 
fluid, V is the volume of the sphere, and v is the velocity of the 
sphere. Consider a 500-g hollow spherical shell of radius 80 mm 
which is held submerged in a tank of water by a spring of constant 
500 N/m. (a) Neglecting fluid friction, determine the period of 
vibration of the shell when it is displaced vertically and then 
released. (b) Solve part a, assuming | that the tank is accelerated 
upward at the constant rate of 8 m/s”. 


Fig. P19.96 


Fig. P19.97 


*19.98 A thin plate of length / rests on a half cylinder of radius r. Derive 
Fig. P19.98 an expression for the period of small oscillations of the plate. 


19.7 FORCED VIBRATIONS 


The most important vibrations from the point of view of engineering 
applications are the forced vibrations of a system. These vibrations 
occur when a system is subjected to a periodic force or when it is 
elastically connected to a support which has an alternating motion. 

Consider first the case of a body of mass m suspended from 
a spring and subjected to a periodic force P of magnitude P = 


4 

or P,, sin wyt, where @, is the circular frequency of P and is referred 

i as to as the forced circular frequency of the motion (Fig. 19.7). This 

ate force may be an actual external force applied to the body, or it may 
x 


be a centrifugal force produced by the rotation of some unbalanced 

alll part of the body (see Sample Prob. 19.5). Denoting by « the displace- 

_ ment of the body measured from its equilibrium position, we write 
the equation of motion, 


+)2F = ma: P,, sin wt + W — k(dy + x) = mx 
maxm: Recalling that W = ké,, we have 
Fig. 19.7 mx + kx = P,, sin wet (19.30) 


Py sin ayt 


Next we consider the case of a body of mass m suspended from a 
spring attached to a moving support whose displacement 6 is equal 
to 6, sin wt (Fig. 19.8). Measuring the displacement x of the body 
from the position of static equilibrium corresponding to w,t = 0, we 
find that the total elongation of the spring at time ¢ is 64 + x — 6,, 
sin w,t. The equation of motion is thus 


+)=>F =ma W-k(6, +x - 
Recalling that W = k6,, we have 


5, Sin wpt) = mx 


omit + ky = k6,, sin wt (19.31) 


We note that Eqs. (19.30) and (19.31) are of the same form and that 
a solution of the first equation will satisfy the second if we set P,, = 
oe 

A differential equation such as (19.30) or (19.31), possessing a 
right-hand member different from zero, is said to be nonhomoge- 
neous. Its general solution is obtained by adding a particular solution 
of the given equation to the general solution of the corresponding 
homogeneous equation (with right-hand member equal to zero). A 
particular solution of (19.30) or (19.31) can be obtained by trying a 
solution of the form 


Xpart = Xm Sin wet (19.32) 
Substituting x)... for x into (19.30), we find 
~MOFXy sin wpt + kx, sin wet = P,, sin wt 


which can be solved for the amplitude, 


— Pn 
~m 2 
k — ma; 


Recalling from (19.4) that k/m = w,, where w, is the natural circular 
frequency of the system, we write 


Pale 
l= (wf/,)” 


(19.33) 


Xin 


Substituting from (19.32) into (19.31), we obtain in a similar way 


os 
"T= (ape)? 


(19.33’) 


The homogeneous equation corresponding to (19.30) or (19.31) 
is Eq. (19.2), which defines the free vibration of the body. Its general 
solution, called the complementary function, was found in Sec. 19.2: 


Xeomp = Cy sin Wt + Cy cos wat (19.34) 


19.7 Forced Vibrations ] 251 
Om 
On; sin Ort 
a 
“a ayt 

w,t= 0 : 

$ 

s $ 

= T=k(6y4+x 

s s —6,, Sin @yt) 
Equilibri J : 

quilibrium 
WwW 
ma=mx 


Fig. 19.8 


Photo 19.1 
measuring the amount of electrical energy 
needed to keep a mass centered in the housing 
in the presence of strong ground shaking. 


A seismometer operates by 
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sl 


-3PF 


Fig. 19.9 


Adding the particular solution (19.32) to the complementary 
function (19.34), we obtain the general solution of Eqs. (19.30) 
and (19.31): 


x = Cy sin @,t + Cz cos @t + Xp, sin wet (19.35) 


We note that the vibration obtained consists of two superposed 
vibrations. The first two terms in Eq. (19.35) represent a free vibra- 
tion of the system. The frequency of this vibration is the natural 
frequency of the system, which depends only upon the constant k of 
the spring and the mass m of the body, and the constants C; and C, 
can be determined from the initial conditions. This free vibration is 
also called a transient vibration, since in actual practice it will soon 
be damped out by friction forces (Sec. 19.9). 

The last term in (19.35) represents the steady-state vibration 
produced and maintained by the impressed force or impressed sup- 
port movement. Its frequency is the forced frequency imposed by 
this force or movement, and its amplitude x,,, defined by (19.33) or 
(19.33’), depends upon the frequency ratio w,/w,. The ratio of the 
amplitude x,,, of the steady-state vibration to the static deflection P,,,/k 
caused by a force P,,, or to the amplitude 6,, of the support move- 
ment, is called the magnification factor. From (19.33) and (19.33’), 
we obtain 


; : Gm a 1 
Magnification factor = P,/k = a a c= (wpe)? (19.36) 


The magnification factor has been plotted in Fig. 19.9 against the 
frequency ratio w;/w,. We note that when ws = @,, the amplitude 
of the forced vibration becomes infinite. The impressed force or 
impressed support movement is said to be in resonance with the 
given system. Actually, the amplitude of the vibration remains 
finite because of damping forces (Sec. 19.9); nevertheless, such a 
situation should be avoided, and the forced frequency should not 
be chosen too close to the natural frequency of the system. We 
also note that for wp < w, the coefficient of sin wt in (19.35) is 
positive, while for wp > @, this coefficient is negative. In the first 
case the forced vibration is in phase with the impressed force or 
impressed support movement, while in the second case it is 180° 
out of phase. 

Finally, let us observe that the velocity and the acceleration in 
the steady-state vibration can be obtained by differentiating twice 
with respect to t the last term of Eq. (19.35). Their maximum values 
are given by expressions similar to those of Eqs. (19.15) of Sec. 19.2, 
except that these expressions now involve the amplitude and the 
circular frequency of the forced vibration: 


On, = Une Gi, = Xp lOF (19.37) 


Py, sin @et 


SAMPLE PROBLEM 19.5 


A motor weighing 350 lb is supported by four springs, each having a con- 
stant of 750 lb/in. The unbalance of the rotor is equivalent to a weight of 
1 oz located 6 in. from the axis of rotation. Knowing that the motor is con- 
strained to move vertically, determine (a) the speed in rpm at which reso- 
nance will occur, (b) the amplitude of the vibration of the motor at a speed 
of 1200 rpm. 


SOLUTION 


a. Resonance Speed. The resonance speed is equal to the natural circular 
frequency @, (in rpm) of the free vibration of the motor. The mass of the 
motor and the equivalent constant of the supporting springs are 
m = ae = 10.87 lb - s?/ft 
32.2 ft/s 
k = 4(750 lb/in.) = 3000 Ib/in. = 36,000 lb/ft 


4 /36,000 
1087 > 57.5 rad/s = 549 rpm 


Resonance speed = 549 rpm 


b. Amplitude of Vibration at 1200 rpm. The angular velocity of the 


motor and the mass of the equivalent 1-oz weight are 


w = 1200 rpm = 125.7 rad/s 


1lb 1 
m = (loz) = = 0.001941 Ib - s°/ft 
16 0z 32.2 ft/s” 


The magnitude of the centrifugal force due to the unbalance of the rotor is 
P,, = ma, = mrw” = (0.001941 Ib - s*/ft)(5 ft)(125.7 rad/s)? = 15.33 Ib 
The static deflection that would be caused by a constant load P.,, is 


Pn 15.33 Ib 
k 3000 Ib/in 


= 0.00511 in. 


The forced circular frequency w, of the motion is the angular velocity of 
the motor, 
wr = w = 125.7 rad/s 


Substituting the values of P,,,/k, ws, and @, into Eq. (19.33), we obtain 


Pylk 0.00511 in. 
Xp = z= B= Sone 
1 — (wp/o,)? 1 — (195.7/57.5) 


Xm = 0.001352 in. (out of phase) <4 


Note. Since wy > @,, the vibration is 180° out of phase with the centrifugal 
force due to the unbalance of the rotor. For example, when the unbalanced 
mass is directly below the axis of rotation, the position of the motor is 
Xm = 0.001352 in. above the position of equilibrium. 
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SOLVING FROBLEMS 
JN TOUR OWN 


i pee lesson was devoted to the analysis of the forced vibrations of a mechanical 
system. These vibrations occur either when the system is subjected to a peri- 
odic force P (Fig. 19.7), or when it is elastically connected to a support which has 
an alternating motion (Fig. 19.8). In the first case, the motion of the system is 
defined by the differential equation 


mx + kx = P,, sin yt (19.30) 


where the right-hand member represents the magnitude of the force P at a given 
instant. In the second case, the motion is defined by the differential equation 


mx + kx = k6,, sin wt (19.31) 


where the right-hand member is the product of the spring constant k and the 
displacement of the support at a given instant. You will be concerned only with 
the steady-state motion of the system, which is defined by a particular solution of 
these equations, of the form 


Xpart = Xm Sin wet (19.32) 


1. If the forced vibration is caused by a periodic force P, of amplitude P,, and 
circular frequency wy, the amplitude of the vibration is 


Pgh 


— (19.33) 
Le (wf/@,)~ 


Xm = 
where w,, is the natural circular frequency of the system, w, = Vk/m, and k is 
the spring constant. Note that the circular frequency of the vibration is w, and that 
the amplitude x,, does not depend upon the initial conditions. For wp = @,, the 
denominator in Eq. (19.33) is zero and x,, is infinite (Fig. 19.9); the impressed 
force P is said to be in resonance with the system. Also, for wp < @,, X,, is positive 
and the vibration is in phase with P, while, for wp > @,, x, is negative and the 
vibration is out of phase. 

a. In the problems which follow, you may be asked to determine one of 
the parameters in Eq. (19.33) when the others are known. We suggest that you 
keep Fig. 19.9 in front of you when solving these problems. For example, if you 
are asked to find the frequency at which the amplitude of a forced vibration has 
a given value, but you do not know whether the vibration is in or out of phase 
with respect to the impressed force, you should note from Fig. 19.9 that there can 
be two frequencies satisfying this requirement, one corresponding to a positive 
value of x,, and to a vibration in phase with the impressed force, and the other 
corresponding to a negative value of x,, and to a vibration out of phase with the 
impressed force. 


b. Once you have obtained the amplitude x,, of the motion of a component 
of the system from Eq. (19.33), you can use Eqs. (19.37) to determine the maxi- 
mum values of the velocity and acceleration of that component: 


Om = Xm@f an = XCF (19.37) 


c. When the impressed force P is due to the unbalance of the rotor of a 
motor, its maximum value is P,, = mre, where m is the mass of the rotor, r is 
the distance between its mass center and the axis of rotation, and a, is equal to 
the angular velocity w of the rotor expressed in rad/s [Sample Prob. 19.5]. 


2. If the forced vibration is caused by the simple harmonic motion of a support, 
of amplitude 6, and circular frequency w;, the amplitude of the vibration is 


Om 


——t (19.33’) 
Le (@,//@,)° 


Xm = 


where ,, is the natural circular frequency of the system, w, = Vk/m. Again, note 
that the circular frequency of the vibration is wy and that the amplitude x,, does 
not depend upon the initial conditions. 

a. Be sure to read our comments in paragraphs 1, 1a, and 1b, since they 
apply equally well to a vibration caused by the motion of a support. 

b. If the maximum acceleration a,, of the support is specified, rather than 
its maximum displacement 6,,, remember that, since the motion of the support is 
a simple harmonic motion, you can use the relation a,, = 5 nCoF to determine 6,,; 
the value obtained is then substituted into Eq. (19.33’). 
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PROBLEMS 


P=P,, sin oft 


k = 20 kN/m 


Fig. P19.99 


T =T,, sin @¢t 


Fig. P19.103 and P19.104 


| 6 = 6), sin wet 


Fig. P19.105 
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19.99 A 50-kg block is attached to a spring of constant k = 20 kN/m and 
can move without friction in a vertical slot as shown. It is acted 
upon by a periodic force of magnitude P = P,, sin wrt, where 
wy = 18 rad/s. Knowing that the amplitude of the motion is 3 mm, 
determine the value of P,,. 


19.100 A 9-Ib collar can slide on a frictionless horizontal rod and is 
attached to a spring of constant 2.5 Ib/in. It is acted upon by a 
periodic force of magnitude P = P,, sin w,t, where P,, = 3 Ib. 
Determine the amplitude of the motion of the collar if (@) wy, = 
5 rad/s, (b) wp = 10 rad/s. 


P= P,, sin ot 


Fig. P19.100, P19.101 and P19.102 


19.101 A 9-lb collar can slide on a frictionless horizontal rod and is attached 
to a spring of constant k. It is acted upon by a periodic force of 
magnitude P = P,, sin w,t, where P,, = 2 lb and wy = 5 rad/s. 
Determine the value of the spring constant k knowing that the 
motion of the collar has an amplitude of 6 in. and is (a) in phase 
with the applied force, (b) out of phase with the applied force. 


19.102 A collar of mass m which slides on a frictionless horizontal rod is 
attached to a spring of constant k and is acted upon by a periodic 
force of magnitude P = P,,, sin w/t. Determine the range of values 
of w, for which the amplitude of the vibration exceeds two times 
the static deflection caused by a constant force of magnitude P.,,. 


19.103 An 8-kg uniform disk of radius 200 mm is welded to a vertical 
shaft with a fixed end at B. The disk rotates through an angle of 
3° when a static couple of magnitude 50 N - m is applied to it. If 
the disk is acted upon by a periodic torsional couple of magnitude 
T = T,, sin w,t, where T,, = 60 N - m, determine the range of 
values of wy for which the amplitude of the vibration is less than 
the angle of rotation caused by a static couple of magnitude T,,. 


19.104 For the disk of Prob. 19.103 determine the range of values of w, 
for which the amplitude of the vibration will be less than 3.5°. 


19.105 An 8-kg block A slides in a vertical frictionless slot and is con- 
nected to a moving support B by means of a spring AB of constant 
k = 1.6 kN/n. Knowing that the displacement of the support is 
5 = 6,, sin wt, where 6,, = 150 mm, determine the range of values 
of w, for which the amplitude of the fluctuating force exerted by 
the spring on the block is less than 120 N. 


19.106 


19.107 


19.108 


19.109 


19.110 


Rod AB is rigidly attached to the frame of a motor running at a 
constant speed. When a collar of mass m is placed on the spring, 
it is observed to vibrate with an amplitude of 15 mm. When two 
collars, each of mass m, are placed on the spring, the amplitude 
is observed to be 18 mm. What amplitude of vibration should be 
expected when three collars, each of mass m, are placed on the 
spring? (Obtain two answers.) 


A cantilever beam AB supports a block which causes a static 
deflection of 2 in. at B. Assuming that the support at A undergoes 
a vertical periodic displacement 6 = 6,,, sin w;t, where 6,, = 0.5 in., 
determine the range of values of w, for which the amplitude of the 
motion of the block will be less than 1 in. Neglect the weight of 
the beam and assume that the block does not leave the beam. 


6 =6,, sin art 
| 


Fig. P19.107 


A variable-speed motor is rigidly attached to a beam BC. When 
the speed of the motor is less than 600 rpm or more than 1200 rpm, 
a small object placed at A is observed to remain in contact with 
the beam. For speeds between 600 and 1200 rpm the object is 
observed to “dance” and actually to lose contact with the beam. 
Determine the speed at which resonance will occur. 


An 8-kg block A slides in a vertical frictionless slot and is con- 
nected to a moving support B by means of a spring AB of constant 
k = 120 N/m. Knowing that the acceleration of the support is 
a = 4, sin oft, where a,, = 1.5 m/s” and w= 5 rad/s, determine 
(a) the maximum displacement of block A, (b) the amplitude of 
the fluctuating force exerted by the spring on the block. 


B | a=a,, sit ort 


Fig. P19.109 


An 0.8-lb ball is connected to a paddle by means of an elastic cord 
AB of constant k = 5 lb/ft. Knowing that the paddle is moved verti- 
cally according to the relation 6 = 6,, sin w,t, where 6,, = 8 in., 
determine the maximum allowable circular frequency a, if the cord 
is not to become slack. 


Fig. P19.106 


Fig. P19.108 


Fig. P19.110 


Problems 
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XC = Om sin @ft 


|< X ———>| 


Fig. P19.111 and P19.112 


Fig. P19.117 and P19.118 


19.117 


19.112 


19.113 


19.114 


19.115 


19.116 


19.117 


19.118 


A simple pendulum of length / is suspended from collar C which 
is forced to move horizontally according to the relation x, = 
6, sin wrt. Determine the range of values of wy for which the 
amplitude of the motion of the bob is less than 6,,. (assume that 
6,, is small compared with the length / of the pendulum) 


The 1.2-kg bob of a simple pendulum of length / = 600 mm is sus- 
pended from a 1.4-kg collar C. The collar is forced to move accord- 
ing to the relation x; = 6,, sin wt, with an amplitude 6,, = 10 mm 
and a frequency fp = 0.5 Hz. Determine (a) the amplitude of the 
motion of the bob, (b) the force that must be applied to collar C to 
maintain the motion. 


A motor of mass M is supported by springs with an equivalent 
spring constant k. The unbalance of its rotor is equivalent to a mass 
m located at a distance r from the axis of rotation. Show that when 
the angular velocity of the motor is w, the amplitude x,, of the 
motion of the motor is 


r(m/M)(@4/@,)° 
1- (w;!@,)” 


Xm = 
where w, = Vk/M. 


As the rotational speed of a spring-supported 100-kg motor is 
increased, the amplitude of the vibration due to the unbalance of 
its 15-kg rotor first increases and then decreases. It is observed 
that as very high speeds are reached, the amplitude of the vibra- 
tion approaches 3.3 mm. Determine the distance between the 
mass center of the rotor and its axis of rotation. (Hint: Use the 
formula derived in Prob. 19.113.) 


A motor weighing 400 lb is supported by springs having a total 
constant of 1200 Ib/in. The unbalance of the rotor is equivalent to 
a l-oz weight located 8 in. from the axis of rotation. Determine 
the range of allowable values of the motor speed if the amplitude 
of the vibration is not to exceed 0.06 in. 


As the rotational speed of a spring-supported motor is slowly 
increased from 300 to 500 rpm, the amplitude of the vibration due 
to the unbalance of its rotor is observed to increase continuously 
from 1.5 to 6 mm. Determine the speed at which resonance will 
occur. 


A 220-lb motor is bolted to a light horizontal beam. The unbalance 
of its rotor is equivalent to a 2-0z weight located 4 in. from the 
axis of rotation. Knowing that resonance occurs at a motor speed 
of 400 rpm, determine the amplitude of the steady-state vibration 
at (a) 800 rpm, (b) 200 rpm, (c) 425 rpm. 


A 180-kg motor is bolted to a light horizontal beam. The unbalance 
of its rotor is equivalent to a 28-g mass located 150 mm from the 
axis of rotation, and the static deflection of the beam due to 
the weight of the motor is 12 mm. The amplitude of the vibration 
due to the unbalance can be decreased by adding a plate to the 
base of the motor. If the amplitude of vibration is to be less than 
60 ym for motor speeds above 300 rpm, determine the required 
mass of the plate. 


19.119 


19.120 


19.121 


19.122 


19.123 


The unbalance of the rotor of a 400-lb motor is equivalent to a 3-0z 
weight located 6 in. from the axis of rotation. In order to limit to 
0.2 Ib the amplitude of the fluctuating force exerted on the founda- 
tion when the motor is run at speeds of 100 rpm and above, a pad 
is to be placed between the motor and the foundation. Determine 
(a) the maximum allowable spring constant k of the pad, (b) the 
corresponding amplitude of the fluctuating force exerted on the 
foundation when the motor is run at 200 rpm. 


A 180-kg motor is supported by springs of total constant 150 kN/m. 
The unbalance of the rotor is equivalent to a 28-g mass located 
150 mm from the axis of rotation. Determine the range of speeds 
of the motor for which the amplitude of the fluctuating force 
exerted on the foundation is less than 20 N. 


A vibrometer used to measure the amplitude of vibrations consists 
essentially of a box containing a mass-spring system with a known 
natural frequency of 120 Hz. The box is rigidly attached to a surface 
which is moving according to the equation y = 6,, sin w/t. If the 
amplitude z,, of the motion of the mass relative to the box is used 
as a measure of the amplitude 6,, of the vibration of the surface, 
determine (a) the percent error when the frequency of the vibration 
is 600 Hz, (b) the frequency at which the error is zero. 


A certain accelerometer consists essentially of a box containing a 
mass-spring system with a known natural frequency of 2200 Hz. 
The box is rigidly attached to a surface which is moving according 
to the equation y = 6,, sin wt. If the amplitude z,, of the motion 
of the mass relative to the box times a scale factor w? is used as a 
measure of the maximum acceleration a, = 6), oF of the vibrating 
surface, determine the percent error when the frequency of the 
vibration is 600 Hz. 


Figures (1) and (2) show how springs can be used to support a block 
in two different situations. In Fig. (1) they help decrease the ampli- 
tude of the fluctuating force transmitted by the block to the founda- 
tion. In Fig. (2) they help decrease the amplitude of the fluctuating 
displacement transmitted by the foundation to the block. The ratio 
of the transmitted force to the impressed force or the ratio of the 
transmitted displacement to the impressed displacement is called 
the transmissibility. Derive an equation for the transmissibility for 
each situation. Give your answer in terms of the ratio w/w, of the 
frequency w, of the impressed force or impressed displacement to 
the natural frequency w, of the spring-mass system. Show that in 
order to cause any reduction in transmissibility, the ratio wy/w,, must 


be greater than V2. 


P=P,, sin oft 


= = y = 6m sin wrt 
(1) (2) 
Fig. P19.123 
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Fig. P19.119 


y = Om sin Mrt 


Fig. P19.121 and P19.122 
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Fig. P19.126 


P=P,, sin @¢t 


19.124 A 60-lb disk is attached with an eccentricity e = 0.006 in. to 
the midpoint of a vertical shaft AB which revolves at a constant 
angular velocity w; Knowing that the spring constant k for hori- 
zontal movement of the disk is 40,000 lb/ft, determine (a) the 
angular velocity w, at which resonance will occur, (b) the deflection 
r of the shaft when w, = 1200 rpm. 


19.125 A small trailer and its load have a total mass of 250-kg. The trailer 
is supported by two springs, each of constant 10 kN/m, and is 
pulled over a road, the surface of which can be approximated by 
a sine curve with an amplitude of 40 mm and a wavelength of 
5 m (ie., the distance between successive crests is 5 m and the 
vertical distance from crest to trough is 80 mm). Determine 
(a) the speed at which resonance will occur, (b) the amplitude of 
the vibration of the trailer at a speed of 50 km/h. 


—— 5 m ——> 


Fig. P19.125 


19.126 Block A can move without friction in the slot as shown and is acted 
upon by a vertical periodic force of magnitude P = P,, sin ayt, 
where w, = 2 rad/s and P,, = 20 N. A spring of constant k is 
attached to the bottom of block A and to a 22-kg block B. Deter- 
mine (a) the value of the constant k which will prevent a steady- 
state vibration of block A, (b) the corresponding amplitude of the 
vibration of block B. 


DAMPED VIBRATIONS 


*19.8 DAMPED FREE VIBRATIONS 


The vibrating systems considered in the first part of this chapter 
were assumed free of damping. Actually all vibrations are damped 
to some degree by friction forces. These forces can be caused by dry 
friction, or Coulomb friction, between rigid bodies, by fluid friction 
when a rigid body moves in a fluid, or by internal friction between 
the molecules of a seemingly elastic body. 

A type of damping of special interest is the viscous damping 
caused by fluid friction at low and moderate speeds. Viscous damp- 
ing is characterized by the fact that the friction force is directly 
proportional and opposite to the velocity of the moving body. As an 
example, let us again consider a body of mass m suspended from a 
spring of constant k, assuming that the body is attached to the 


plunger of a dashpot (Fig. 19.10). The magnitude of the friction force 
exerted on the plunger by the surrounding fluid is equal to cx, where 
the constant c, expressed in N - s/m or lb - s/ft and known as the 
coefficient of viscous damping, depends upon the physical properties 
of the fluid and the construction of the dashpot. The equation of 
motion is 


+)=F = ma: W — k(6y4 + x) — cx = mx 
Recalling that W = k6é,, we write 


mx + cx + kx — 0 (19.38) 


Substituting x = e“ into (19.38) and dividing through by e™, 
we write the characteristic equation 


mv +cA+k=0 (19.39) 


and obtain the roots 


2 
joo se) a (19.40) 
2m 2m m 


Defining the critical damping coefficient c, as the value of c¢ which 
makes the radical in Eq. (19.40) equal to zero, we write 


2 
¢ k jk 
(=) —-—=0 Co = IMm.~|/— = 2nw,, (19.41) 
2m m m 


where , is the natural circular frequency of the system in the 
absence of damping. We can distinguish three different cases of 
damping, depending upon the value of the coefficient c. 


1. Heavy damping: c > c,. The roots A; and Az of the character- 
istic equation (19.39) are real and distinct, and the general solu- 
tion of the differential equation (19.38) is 


x = Cye*" + Cye* (19.42) 


This solution corresponds to a nonvibratory motion. Since A, 
and A, are both negative, x approaches zero as ¢ increases indef- 
initely. However, the system actually regains its equilibrium 
position after a finite time. 

2. Critical damping: c = c,. The characteristic equation has a double 
root A = —c,/2m = —w,, and the general solution of (19.38) is 


x = (Cy + Cote (19.43) 


The motion obtained is again nonvibratory. Critically damped 
systems are of special interest in engineering applications since 
they regain their equilibrium position in the shortest possible 
time without oscillation. 

3. Light damping: c < c,. The roots of Eq. (19.39) are complex 
and conjugate, and the general solution of (19.38) is of the 
form 


x = @ PMC, sin wat + Cy cos wt) (19.44) 
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where w, is defined by the relation 


Substituting k/m = w, and recalling (19.41), we write 


Wd = Dn\]} 1 = (<) (19.45) 


where the constant c/c, is known as the damping factor. Even though 
the motion does not actually repeat itself, the constant wy is com- 
monly referred to as the circular frequency of the damped vibration. 
A substitution similar to the one used in Sec. 19.2 enables us to write 
the general solution of Eq. (19.38) in the form 


x = xe?" sin (wat + @) (19.46) 


The motion defined by Eq. (19.46) is vibratory with diminishing 
amplitude (Fig. 19.11), and the time interval ty =27/, separating 
two successive points where the curve defined by Eq. (19.46) 
touches one of the limiting curves shown in Fig. 19.11 is com- 
monly referred to as the period of the damped vibration. Recalling 
Eq. (19.45), we observe that wy < @, and, thus, that 7, is larger 
than the period of vibration 7, of the corresponding undamped 
system. 


XO. = 


mn) 


Fig. 19.11 


*19.9 DAMPED FORCED VIBRATIONS 


If the system considered in the preceding section is subjected to a 
periodic force P of magnitude P = P,, sin wt, the equation of motion 
becomes 


1 see hei =, Sih Get (19.47) 


The general solution of (19.47) is obtained by adding a particular 
solution of (19.47) to the complementary function or general solution 
of the homogeneous equation (19.38). The complementary function 
is given by (19.42), (19.43), or (19.44), depending upon the type of 
damping considered. It represents a transient motion which is even- 
tually damped out. 

Our interest in this section is centered on the steady-state vibra- 
tion represented by a particular solution of (19.47) of the form 


Xpart ~ Xm sin (copt = ¢) (19.48) 
Substituting x). for x into (19.47), we obtain 
—MoFXy sin (wt — ~) + cox, cos (wt — g) + kx, sin (wt — ¢) 


= FF, Sim wet 

Making wt — @ successively equal to 0 and to 77/2, we write 
COXm = Pp sin p (19.49) 
(k — mo) Xm = Pim COS (19.50) 


Squaring both members of (19.49) and (19.50) and adding, we 
have 


I(k — moy) + (cw,)"] c= Pe (19.51) 


Solving (19.51) for x,, and dividing (19.49) and (19.50) member by 
member, we obtain, respectively, 

Pn Cr 
tang = ———,_ (19.52) 
Vik - mo)” + (co,)” k — moog 


Recalling from (19.4) that k/m = w,, where o, is the circular 
frequency of the undamped free vibration, and from (19.41) that 
2m, = c,, where c, is the critical damping coefficient of the system, 
we write 


Xm = 


He Xa 1 


Polk 8m VTL = (ep/@,)? 1? + [2(c/e,)(@j/@,) — 
Z 2(c/e,)(@4/@,) 
tan @ = ie (cop)? (19.54) 


19.9 Damped Forced Vibrations 1263 


Photo 19.2 The automobile suspension shown 
consists essentially of a spring and a shock 
absorber, which will cause the body of the car 
to undergo damped forced vibrations when the 
car is driven over an uneven road. 


Photo 19.3 This truck is experiencing damped 
forced vibration in the vehicle dynamics test 
shown. 
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Formula (19.53) expresses the magnification factor in terms of 
the frequency ratio @,/w, and damping factor c/c,. It can be used to 
determine the amplitude of the steady-state vibration produced by 
an impressed force of magnitude P = P,, sin w,t or by an impressed 
support movement 6 = 6,, sin wrt. Formula (19.54) defines in terms 
of the same parameters the phase difference yg between the impressed 
force or impressed support movement and the resulting steady-state 
vibration of the damped system. The magnification factor has been 
plotted against the frequency ratio in Fig. 19.12 for various values of 
the damping factor. We observe that the amplitude of a forced vibra- 
tion can be kept small by choosing a large coefficient of viscous 
damping c or by keeping the natural and forced frequencies far 
apart. 


Fig. 19.12 


*19.10 ELECTRICAL ANALOGUES 


Oscillating electrical circuits are characterized by differential equa- 
tions of the same type as those obtained in the preceding sections. 
Their analysis is therefore similar to that of a mechanical system, and 
the results obtained for a given vibrating system can be readily 
extended to the equivalent circuit. Conversely, any result obtained 
for an electrical circuit will also apply to the corresponding mechanical 
system. 


Consider an electrical circuit consisting of an inductor of 
inductance L, a resistor of resistance R, and a capacitor of capa- 
citance C, connected in series with a source of alternating volt- 
age E = E,, sin wt (Fig. 19.13). It is recalled from elementary 
circuit theoryt that if i denotes the current in the circuit and q 
denotes the electric charge on the capacitor, the drop in potential 
is L(di/dt) across the inductor, Ri across the resistor, and q/C across 
the capacitor. Expressing that the algebraic sum of the applied 
voltage and of the drops in potential around the circuit loop is 
zero, we write 


i sage k= Ri =0 19.55 
sin we cr i C ( ) 


Rearranging the terms and recalling that at any instant the current 
i is equal to the rate of change g of the charge q, we have 


rs : iL 
Eg 4 hg : c4 = E,, sin wyt (19.56) 


We verify that Eq. (19.56), which defines the oscillations of the 
electrical circuit of Fig. 19.13, is of the same type as Eq. (19.47), 
which characterizes the damped forced vibrations of the mechani- 
cal system of Fig. 19.10. By comparing the two equations, we can 
construct a table of the analogous mechanical and electrical 
expressions. 

Table 19.2 can be used to extend the results obtained in the 
preceding sections for various mechanical systems to their electrical 
analogues. For instance, the amplitude i,, of the current in the circuit 
of Fig. 19.13 can be obtained by noting that it corresponds to the 


TABLE 19.2 Characteristics of a Mechanical System 
and of Its Electrical Analogue 


Mechanical System Electrical Circuit 

m_ Mass L Inductance 

c Coefficient of viscous damping R___ Resistance 

k Spring constant 1/C_ Reciprocal of capacitance 
x Displacement q Charge 

v Velocity i Current 

P_ Applied force E Applied voltage 


+See C. R. Paul, S. A. Nasar and L. E. Unnewehr, Introduction to Electrical Engineering, 
2nd ed., McGraw-Hill, New York, 1992. 
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E=E,, sin yt 
Fig. 19.13 
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S 
Fig. 19.14 


maximum value v,, of the velocity in the analogous mechanical sys- 
tem. Recalling from the first of Eqs. (19.37) that v,, = x,,@,, substi- 
tuting for x,, from Eq. (19.52), and replacing the constants of the 
mechanical system by the corresponding electrical expressions, we 
have 


(19.57) 


The radical in the expression obtained is known as the impedance of 
the electrical circuit. 

The analogy between mechanical systems and electrical circuits 
holds for transient as well as steady-state oscillations. The oscillations 
of the circuit shown in Fig. 19.14, for instance, are analogous to 
the damped free vibrations of the system of Fig. 19.10. As far as the 
initial conditions are concerned, we should note that closing the 
switch S when the charge on the capacitor is ¢ = qo is equivalent to 
releasing the mass of the mechanical system with no initial velocity 
from the position x = xo. We should also observe that if a battery of 
constant voltage E is introduced in the electrical circuit of Fig. 19.14, 
closing the switch S will be equivalent to suddenly applying a force 
of constant magnitude P to the mass of the mechanical system of 
Fig. 19.10. 

The discussion above would be of questionable value if its 
only result were to make it possible for mechanics students to ana- 
lyze electrical circuits without learning the elements of circuit the- 
ory. It is hoped that this discussion will instead encourage students 
to apply to the solution of problems in mechanical vibrations the 
mathematical techniques they may learn in later courses in circuit 
theory. The chief value of the concept of electrical analogue, how- 
ever, resides in its application to experimental methods for the 
determination of the characteristics of a given mechanical system. 
Indeed, an electrical circuit is much more easily constructed than 
is a mechanical model, and the fact that its characteristics can be 
modified by varying the inductance, resistance, or capacitance of 
its various components makes the use of the electrical analogue 
particularly convenient. 

To determine the electrical analogue of a given mechanical sys- 
tem, we focus our attention on each moving mass in the system and 
observe which springs, dashpots, or external forces are applied 
directly to it. An equivalent electrical loop can then be constructed 


to match each of the mechanical units thus defined; the various loops 
obtained in that way will together form the desired circuit. Consider, 
for instance, the mechanical system of Fig. 19.15. We observe that 
the mass mj is acted upon by two springs of constants k; and ky and 
by two dashpots characterized by the coefficients of viscous damping 
c, and cs. The electrical circuit should therefore include a loop con- 
sisting of an inductor of inductance L; proportional to m,, of two 
capacitors of capacitance C, and C, inversely proportional to k, and 
ky, respectively, and of two resistors of resistance R, and Ro, propor- 
tional to c, and cy, respectively. Since the mass mg is acted upon by 
the spring ky and the dashpot cg, as well as the force P = P,,, sin wyt, 
the circuit should also include a loop containing the capacitor Co, the 
resistor Ry, the new inductor Ls, and the voltage source E = E,, sin wt 
(Fig. 19.16). 

To check that the mechanical system of Fig. 19.15 and the 
electrical circuit of Fig. 19.16 actually satisfy the same differential 
equations, the equations of motion for m, and mg will first be derived. 
Denoting, respectively, by x; and x2 the displacements of m, and mg 
from their equilibrium positions, we observe that the elongation of 
the spring k, (measured from the equilibrium position) is equal to 
x1, while the elongation of the spring kz is equal to the relative dis- 
placement x2 — x, of mg with respect to m;. The equations of motion 
for m, and my are therefore 


mM4X1 + CyX1 + Co(Xq = Xo) + kyx) + ky(x1 ve X9) = 0 (19.58) 


MX + Ca(X2 — Xj) + Kalxg — xy) = P,, sin wt — (19.59) 


Consider now the electrical circuit of Fig. 19.16; we denote, respec- 
tively, by i, and i, the current in the first and second loops, and by 
qi and qo the integrals Ji, dt and Sig dt. Noting that the charge on 
the capacitor C, is q,, while the charge on Cy is gq; — qs, we express 
that the sum of the potential differences in each loop is zero and 
obtain the following equations 


Ligi t+ Rigi + Bolqi — qo) 4 -=0 (19.60) 


POT _ & sin wt (19.61) 
Go . 


Log + Ro(q2 — qi) + 


We easily check that Eqs. (19.60) and (19.61) reduce to (19.58) and 
(19.59), respectively, when the substitutions indicated in Table 19.2 
are performed. 
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ik this lesson a more realistic model of a vibrating system was developed by 
including the effect of the viscous damping caused by fluid friction. Viscous 
damping was represented in Fig. 19.10 by the force exerted on the moving body 
by a plunger moving in a dashpot. This force is equal in magnitude to cx, where 
the constant c, expressed in N - s/m or lb - s/ft, is known as the coefficient of vis- 
cous damping. Keep in mind that the same sign convention should be used for x, 
x, and x. 


1. Damped free vibrations. The differential equation defining this motion was 
found to be 
mk + cx + kx = 0 (19.38) 

To obtain the solution of this equation, calculate the critical damping coefficient 
c,, using the formula 

Cc. = 2nVk/m = 2a, (19.41) 
where , is the natural circular frequency of the wndamped system. 

a. If ¢ > ¢, (heavy damping), the solution of Eq. (19.38) is 


x = Cye* + Cre (19.42) 
where 
2 
Cc Cc k 
Ave = -— —)-— 19.40 
tf 2m (=) m ( ) 


and where the constants C, and C, can be determined from the initial conditions 
x(0) and x(0). This solution corresponds to a nonvibratory motion. 
b. If ¢ = ¢, (critical damping), the solution of Eq. (19.38) is 
x= (Cy + Cale ** (19.43) 
which also corresponds to a nonvibratory motion. 


c. If ¢ < ¢, (light damping), the solution of Eq. (19.38) is 
x = xe ©?" sin (wt + o) (19.46) 


where 


9 
(2 at = (<) (19.45) 
and where x» and @ can be determined from the initial conditions x(0) and x(0). 
This solution corresponds to oscillations of decreasing amplitude and of period 
Tq = 2a/w, (Fig. 19.11). 


2. Damped forced vibrations. These vibrations occur when a system with viscous 
damping is subjected to a periodic force P of magnitude P = P,,, sin wt or when it 
is elastically connected to a support with an alternating motion 6 = 6, sin wt. In 
the first case the motion is defined by the differential equation 


mx + cx + kx = P,, sin cwogt (19.47) 


and in the second case by a similar equation obtained by replacing P,,, with k6,,. 
You will be concerned only with the steady-state motion of the system, which is 
defined by a particular solution of these equations, of the form 


Xpart ~ Xm sin (coft ¢) (19.48) 
where 
x x 1 
m = m = (19.53) 
Prfk 8m VTL = (elon)? ]? + [2(c/e,) p/n) }? 
and 
2(c/c,)(@4/@,) 
tan QP SS 9 (19.54) 
1- (@,//@,)” 


The expression given in Eq. (19.53) is referred to as the magnification factor and 
has been plotted against the frequency ratio ;/@, in Fig. 19.12 for various values 
of the damping factor c/c,. In the problems which follow, you may be asked to 
determine one of the parameters in Eqs. (19.53) and (19.54) when the others are 
known. 
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19.127 


19.128 


19.129 


19.130 


19.131 


19.132 


Show that in the case of heavy damping (c > c,), a body never 
passes through its position of equilibrium O (a) if it is released 
with no initial velocity from an arbitrary position or (b) if it is 
started from O with an arbitrary initial velocity. 


Show that in the case of heavy damping (c > c,), a body released 
from an arbitrary position with an arbitrary initial velocity cannot 
pass more than once through its equilibrium position. 


In the case of light damping, the displacements x, x, x3, shown 
in Fig. 19.11 may be assumed equal to the maximum displace- 
ments. Show that the ratio of any two successive maximum 
displacements x, and x,4; is a constant and that the natural 
logarithm of this ratio, called the logarithmic decrement, is 


Xe 2Qar (c/o) 
In = 


Yn VileS Cie 


In practice, it is often difficult to determine the logarithmic decre- 
ment of a system with light damping defined in Prob. 19.129 by 
measuring two successive maximum displacements. Show that the 
logarithmic decrement can also be expressed as (1/k) In(x,/x,+4), 
where k is the number of cycles between readings of the maximum 
displacement. 


In a system with light damping (c < c,), the period of vibration is 
commonly defined as the time interval ty = 27/w, corresponding 
to two successive points where the displacement-time curve touches 
one of the limiting curves shown in Fig. 19.11. Show that the 
interval of time (a) between a maximum positive displacement and 
the following maximum negative displacement is $74, (b) between 
two successive zero displacements is 3Tq, (c) between a maximum 
positive displacement and the following zero displacement is 
greater than 474. 


The block shown is depressed 1.2 in. from its equilibrium position 
and released. Knowing that after 10 cycles the maximum displace- 
ment of the block is 0.5 in., determine (a) the damping factor c/c,, 
(b) the value of the coefficient of viscous damping. (Hint: See 
Probs. 19.129 and 19.130.) 


Fig. P19.132 


19.133 A loaded railroad car weighing 30,000 lb is rolling at a constant Problems 127] 
velocity vp when it couples with a spring and dashpot bumper sys- 
tem (Fig. 1). The recorded displacement-time curve of the loaded 
railroad car after coupling is as shown (Fig. 2). Determine (a) the 
damping constant, (b) the spring constant. (Hint: Use the defini- 
tion of logarithmic decrement given in 19.129.) 


06- |e 0.41 s >| 
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Fig. P19.133 


19.134 A 4-kg block A is dropped from a height of 800 mm onto a 9-k¢g 
block B which is at rest. Block B is supported by a spring of constant 
k = 1500 N/m and is attached to a dashpot of damping coefficient 
c = 230 N - s/m. Knowing that there is no rebound, determine the 
maximum distance the blocks will move after the impact. 


Fig. P19.134 


19.135 Solve Prob. 19.134 assuming that the damping coefficient of the 
dashpot is c = 300 N - s/m. 


19.136 The barrel of a field gun weighs 1500 Ib and is returned 
into firing position after recoil by a recuperator of constant 
c = 1100 lb - s/ft. Determine (a) the constant k which should 
be used for the recuperator to return the barrel into firing posi- 
tion in the shortest possible time without any oscillation, (b) the 
time needed for the barrel to move back two-thirds of the way 
from its maximum-recoil position to its firing position. 


1272 = Mechanical Vibrations 19.137 A uniform rod of mass m is supported by a pin at A and a spring 
of constant k at B and is connected at D to a dashpot of damping 
coefficient c. Determine in terms of m, k, and c, for small oscilla- 
tions, (a) the differential equation of motion, (b) the critical damp- 
ing coefficient c,. 


1 slat 1 J 
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19.138 A 4-lb uniform rod is supported by a pin at O and a spring at A 
and is connected to a dashpot at B. Determine (a) the differential 
equation of motion for small oscillations, (b) the angle that the rod 
will form with the horizontal 5 s after end B has been pushed 
0.9 in. down and released. 


ee 
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Fig. P19.138 


19.139 A 1100-Ib machine element is supported by two springs, each of 
constant 3000 lb/ft. A periodic force of 30-Ib amplitude is applied 
to the element with a frequency of 2.8 Hz. Knowing that the coef 
ficient of damping is 110 lb - s/ft, determine the amplitude of the 
steady-state vibration of the element. 


19.140 In Prob. 19.139, determine the required value of the constant of 
each spring if the amplitude of the steady-state vibration is to be 
0.05 in. 


19.141 In the case of the forced vibration of a system, determine the range 
of values of the damping factor c/c, for which the magnification 
factor will always decrease as the frequency ratio w;/w,, increases. 


19.142 Show that for a small value of the damping factor c/c,, the maxi- 
mum amplitude of a forced vibration occurs when w¢ ~ @,, and that 
the corresponding value of the magnification factor is 5(c/c,). 


19.143 A 50-kg motor is directly supported by a light horizontal beam Problems 1973 
which has a static deflection of 6 mm due to the weight of the 
motor. The unbalance of the rotor is equivalent to a mass of 
100 g located 75 mm from the axis of rotation. Knowing that the 
amplitude of the vibration of the motor is 0.8 mm at a speed of 
400 rpm, determine (a) the damping factor c/c,, (b) the coeffi- 
cient of damping c. 


Fig. P19.143 


19.144 A 15-kg motor is supported by four springs, each of constant 
45 kN/m. The unbalance of the motor is equivalent to a mass of 
20 g located 125 mm from the axis of rotation. Knowing that the 
motor is constrained to move vertically, determine the amplitude 
of the steady-state vibration of the motor at a speed of 1500 rpm, 
assuming (a) that no damping is present, (b) that the damping fac- 
tor c/c, is equal to 1.3. 


Fig. P19.144 and P19.145 


19.145 A 100-kg motor is supported by four springs, each of constant 
90 kN/m, and is connected to the ground by a dashpot having a 
coefficient of damping c = 6500 N - s/m. The motor is constrained 
to move vertically, and the amplitude of its motion is observed to 
be 2.1 mm at a speed of 1200 rpm. Knowing that the mass of the 
rotor is 15 kg, determine the distance between the mass center of 
the rotor and the axis of the shaft. 


19.146 A counter-rotating eccentric mass exciter consisting of two rotat- 
ing 400-g masses describing circles of 150-mm radius at the 
same speed but in opposite senses is placed on a machine ele- 
ment to induce a steady-state vibration of the element and to 
determine some of the dynamic characteristics of the element. 
At a speed of 1200 rpm a stroboscope shows the eccentric 
masses to be exactly under their respective axes of rotation and 
the element to be passing through its position of static equilib- 
rium. Knowing that the amplitude of the motion of the element 
at that speed is 15 mm and that the total mass of the system is 
140 kg, determine (a) the combined spring constant k, (b) the 
damping factor c/c,. Fig. P19.146 
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P=P,, sin oft 


Fig. P19.148 and 
P19.149 


Fig. P19.151 


19.147 


A simplified model of a washing machine is shown. A bundle of 
wet clothes forms a mass m, of 10 kg in the machine and causes 
a rotating unbalance. The rotating mass is 20 kg (including my) 
and the radius of the washer basket e is 25 cm. Knowing the 
washer has an equivalent spring constant k = 1000 N/m and 
damping ratio £ = c/c, = 0.05 and during the spin cycle the drum 
rotates at 250 rpm, determine the amplitude of the motion and 
the magnitude of the force transmitted to the sides of the washing 
machine. 


Frictionless | 
support 


Fig. P19.147 


19.148 A machine element is supported by springs and is connected to a 


19.149 


*19.150 


*19.151 


dashpot as shown. Show that if a periodic force of magnitude P = 
P,,, sin wet is applied to the element, the amplitude of the fluctuat- 
ing force transmitted to the foundation is 


1 + [2(c/e,)(wf/w,,) |? 
Fn = Pm 
[1 — (wp/w,)]? + [2(e/c,)(ws/w,,)]? 


A 200-Ib machine element supported by four springs, each of con- 
stant k = 12 lb/ft, is subjected to a periodic force of frequency 
0.8 Hz and amplitude 20 Ib. Determine the amplitude of the fluc- 
tuating force transmitted to the foundation if (a) a dashpot with a 
coefficient of damping c = 25 lb - s/ft is connected to the machine 
element and to the ground, (b) the dashpot is removed. 


For a steady-state vibration with damping under a harmonic force, 
show that the mechanical energy dissipated per cycle by the dash- 
pot is E = TCX Of, where c is the coefficient of damping, x,, is the 
amplitude of the motion, and @, is the circular frequency of the 
harmonic force. 


The suspension of an automobile can be approximated by the 
simplified spring-and-dashpot system shown. (a) Write the dif 
ferential equation defining the vertical displacement of the mass 
m when the system moves at a speed v over a road with a sinu- 
soidal cross section of amplitude 6, and wave length L. (b) Derive 
an expression for the amplitude of the vertical displacement of 
the mass m. 


*19.152 Two blocks A and B, each of mass m, are supported as shown by 
three springs of the same constant k. Blocks A and B are connected 
by a dashpot and block B is connected to the ground by two dash- 
pots, each dashpot having the same coefficient of damping c. Block 
A is subjected to a force of magnitude P = P,, sin w,t. Write the 
differential equations defining the displacements x, and xg of the 
two blocks from their equilibrium positions. 


P = P,, sin wt 


Fig. P19.152 


19.153 Express in terms of L, C, and E the range of values of the resis- 
tance R for which oscillations will take place in the circuit shown 
when switch S is closed. 


\|_ 


Fig. P19.153 


19.154 Consider the circuit of Prob. 19.153 when the capacitor C is 
removed. If switch S is closed at time t = 0, determine (a) the 
final value of the current in the circuit, (b) the time t at which 
the current will have reached (1 — 1/e) times its final value. (The 
desired value of t is known as the time constant of the circuit.) 


Problems 
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1276 Mechanical Vibrations 19.155 and 19.156 Draw the electrical analogue of the mechanical 
system shown. (Hint: Draw the loops corresponding to the free 
bodies m and A.) 


P=F,,, sin art 


Fig. P19.155 and 
P19.157 


19.157 and 19.158 Write the differential equations defining (a) the 
displacements of the mass m and of the point A, (b) the charges 
on the capacitors of the electrical analogue. 


P = P,, sin wt 


Fig. P19.156 and 
P19.158 


REVIEW AND SUMMARY 


This chapter was devoted to the study of mechanical vibrations, i.e., 
to the analysis of the motion of particles and rigid bodies oscillating 
about a position of equilibrium. In the first part of the chapter [Secs. 
19.2 through 19.7], we considered vibrations without damping, while 
the second part was devoted to damped vibrations [Secs. 19.8 


through 19.10]. 


In Sec. 19.2, we considered the free vibrations of a particle, i.e., the Free vibrations of a particle 
motion of a particle P subjected to a restoring force proportional to 

the displacement of the particle—such as the force exerted by a 

spring. If the displacement «x of the particle P is measured from its 

equilibrium position O (Fig. 19.17), the resultant F of the forces 

acting on P (including its weight) has a magnitude kx and is directed 

toward O. Applying Newton's second law F = ma and recalling that 

a = x, we wrote the differential equation 


mk + kx = 0 (19.2) 
or, setting w. = k/m, 


% + wrx =0 (19.6) 
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The motion defined by this equation is called a simple harmonic 
motion. 

The solution of Eq. (19.6), which represents the displacement 
of the particle P, was expressed as 


x =x, sin (w,t + @) (19.10) 
where x, = amplitude of the vibration 


w, = Vk/m = natural circular frequency 


o = phase angle 


The period of the vibration (i.e., the time required for a full cycle) 
and its natural frequency (i.e., the number of cycles per second) were 
expressed as 


Qa 
Period = 7, = oo (19.13) 


1 O, 
Natural frequency = f, = a (19.14) 


The velocity and acceleration of the particle were obtained by differ- 
entiating Eq. (19.10), and their maximum values were found to be 


eee =o 2 
Om = Xm@n An = Xm@n (19.15) 


Since all the above parameters depend directly upon the natural cir- 
cular frequency @, and thus upon the ratio k/m, it is essential in any 
given problem to calculate the value of the constant k; this can be 
done by determining the relation between the restoring force and the 
corresponding displacement of the particle [Sample Prob. 19.1]. 

It was also shown that the oscillatory motion of the particle P 
can be represented by the projection on the x axis of the motion of 
a point Q describing an auxiliary circle of radius x,, with the constant 
angular velocity w, (Fig. 19.18). The instantaneous values of the 
velocity and acceleration of P can then be obtained by projecting on 
the x axis the vectors v,, and a,, representing, respectively, the veloc- 
ity and acceleration of Q. 


| 
b 
{ 


ye 


While the motion of a simple pendulum is not truly a simple har- 
monic motion, the formulas given above can be used with on = gl 
to calculate the period and natural frequency of the small oscillations 
of a simple pendulum [Sec. 19.3]. Large-amplitude oscillations of a 
simple pendulum were discussed in Sec. 19.4. 


The free vibrations of a rigid body can be analyzed by choosing an 
appropriate variable, such as a distance x or an angle 6, to define the 
position of the body, drawing a free-body-diagram equation to express 
the equivalence of the external and effective forces, and writing an 
equation relating the selected variable and its second derivative [Sec. 
19.5]. If the equation obtained is of the form 


a+ wx = () or 0 + w-0 = 0 (19.21) 


the vibration considered is a simple harmonic motion and its period 
and natural frequency can be obtained by identifying w, and substi- 
tuting its value into Eqs. (19.13) and (19.14) [Sample Probs. 19.2 
and 19.3]. 


The principle of conservation of energy can be used as an alternative 
method for the determination of the period and natural frequency 
of the simple harmonic motion of a particle or rigid body [Sec. 19.6]. 
Choosing again an appropriate variable, such as 6, to define the posi- 
tion of the system, we express that the total energy of the system 
is conserved, T,; + V; = Tz + Vo, between the position of maxi- 
mum displacement (8; = 9,,) and the position of maximum velocity 
(0. = 6,,). If the motion considered is simple harmonic, the two 
members of the equation obtained consist of homogeneous quadratic 
expressions in 6,, and 6,,, respectively.t Substituting 0,, = 6,,@, in 
this equation, we can factor out 6°, and solve for the circular frequency 
w, [Sample Prob. 19.4]. 


In Sec. 19.7, we considered the forced vibrations of a mechanical 
system. These vibrations occur when the system is subjected to a 
periodic force (Fig. 19.19) or when it is elastically connected to a 
support which has an alternating motion (Fig. 19.20). Denoting by a, 
the forced circular frequency, we found that in the first case, the 
motion of the system was defined by the differential equation 


mx + kx = P,, sin wt (19.30) 
and that in the second case it was defined by the differential equation 
mx + kx = kd, sin wt (19.31) 


The general solution of these equations is obtained by adding a par- 
ticular solution of the form 


Pat = Ay St ay (19.32) 


tIf the motion considered can only be approximated by a simple harmonic motion, such as 
for the small oscillations of a body under gravity, the potential energy must be approximated 
by a quadratic expression in @,,. 
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Simple pendulum 


Free vibrations of a rigid body 


Using the principle of conservation 
of energy 


Forced vibrations 
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Damped free vibrations 
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P=P,, sin a@yt Law 


Fig. 19.19 Fig. 19.20 


to the general solution of the corresponding homogeneous equa- 
tion. The particular solution (19.32) represents a steady-state vibra- 
tion of the system, while the solution of the homogeneous equation 
represents a transient free vibration which can generally be 
neglected. 

Dividing the amplitude x,, of the steady-state vibration by P,,,/k 
in the case of a periodic force, or by 6,, in the case of an oscillating 
support, we defined the magnification factor of the vibration and 
found that 


M iff ti f t Xm Xm 1 (19 36) 
agnitication factor = = = $ . 
S Polk 8m ~~ 1 — (wloo,)? 


According to Eq. (19.36), the amplitude x,, of the forced vibration 
becomes infinite when wr = @,, i.e., when the forced frequency is 
equal to the natural frequency of the system. The impressed force or 
impressed support movement is then said to be in resonance with 
the system [Sample Prob. 19.5]. Actually the amplitude of the vibra- 
tion remains finite, due to damping forces. 


In the last part of the chapter, we considered the damped vibrations 
of a mechanical system. First, we analyzed the damped free vibra- 
tions of a system with viscous damping [Sec. 19.8]. We found that 
the motion of such a system was defined by the differential 
equation 


mx + cx + kx = 0 (19.38) 


where c is a constant called the coefficient of viscous damping. Defin- 
ing the critical damping coefficient c, as 


lk 
C, = 2m.,/— = 2mw, (19.41) 
m 


where w, is the natural circular frequency of the system in the 
absence of damping, we distinguished three different cases of damp- 
ing, namely, (1) heavy damping, when c > c,; (2) critical damping, 
when c = ¢,; and (3) light damping, when c < c,. In the first two 
cases, the system when disturbed tends to regain its equilibrium 
position without any oscillation. In the third case, the motion is vibra- 
tory with diminishing amplitude. 


In Sec. 19.9, we considered the damped forced vibrations of a 
mechanical system. These vibrations occur when a system with vis- 
cous damping is subjected to a periodic force P of magnitude P = 
P,, sin @pt or when it is elastically connected to a support with an 
alternating motion 6 = 6,, sin wt. In the first case, the motion of 
the system was defined by the differential equation 


mx + cx + kx = P,, sin wt (19.47) 
and in the second case by a similar equation obtained by replacing P,,, 
by k6,, in (19.47). 
The steady-state vibration of the system is represented by a 
particular solution of Eq. (19.47) of the form 
Xpart ~ Xm sin (yt = ¢) (19.48) 


Dividing the amplitude x,, of the steady-state vibration by P,,/k in the 
case of a periodic force, or by 6,, in the case of an oscillating support, 
we obtained the following expression for the magnification factor: 


Xm Xm 1 
Prof 8m VEL = (explon)? 2? + [2(c/e,)(cop/on) 7 
where w, = Vk/m = natural circular frequency of undamped 
system 
c, = 2mq,, = critical damping coefficient 
c/c, = damping factor 


(19.53) 


We also found that the phase difference ¢ between the impressed 
force or support movement and the resulting steady-state vibration 
of the damped system was defined by the relation 


2(c/e,)(@s/@n) 


5 (19.54) 
1 — (@//@,)~ 


tan @ = 


The chapter ended with a discussion of electrical analogues [Sec. 
19.10], in which it was shown that the vibrations of mechnical sys- 
tems and the oscillations of electrical circuits are defined by the same 
differential equations. Electrical analogues of mechanical systems 
can therefore be used to study or predict the behavior of these 
systems. 
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REVIEW PROBLEMS 


19.159 A thin square plate of side a can oscillate about an axis AB located 
at a distance b from its mass center G. (a) Determine the period 
of small oscillations if b = $a. (b) Determine a second value of b 
for which the period of small oscillations is the same as that found 
in part a. 


19.160 A 150-kg electromagnet is at rest and is holding 100 kg of scrap 
steel when the current is turned off and the steel is dropped. 
Knowing that the cable and the supporting crane have a total stiff 
ness equivalent to a spring of constant 200 kN/m, determine 

Fig. P19.159 (a) the frequency, the amplitude, and the maximum velocity of the 

resulting motion, (b) the minimum tension which will occur in the 

cable during the motion, (c) the velocity of the magnet 0.03 s after 
the current is turned off. 


Fig. P19.160 


19.161 Disks A and B weigh 30 lb and 12 Ib, respectively, and a small 5-lb 
block C is attached to the rim of disk B. Assuming that no slipping 
occurs between the disks, determine the period of small oscilla- 
tions of the system. 


Fig. P19.161 
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19.162 A period of 6.00 s is observed for the angular oscillations of a 4-oz Review Problems 19283 
gyroscope rotor suspended from a wire as shown. Knowing that a 
period of 3.80 s is obtained when a 1.25-in.-diameter steel sphere 
is suspended in the same fashion, determine the centroidal radius 
of gyration of the rotor. (Specific weight of steel = 490 lb/ft’) 


Fig. P19.162 


19.163 A 1.5-kg block B is connected by a cord to a 2-kg block A, which 
is suspended from a spring of constant 3 kN/m. Knowing that the 
system is at rest when the cord is cut, determine (a) the frequency, 
the amplitude, and the maximum velocity of the resulting motion, 
(b) the minimum tension that will occur in the spring during 
the motion, (c) the velocity of block A 0.3 s after the cord has 
been cut. Fig. P19.163 


19.164 Two rods, each of mass m and length L, are welded together to 
form the assembly shown. Determine (a) the distance b for which 
the frequency of small oscillations of the assembly is maximum, 
(b) the corresponding maximum frequency. 


B Md 


Fig. P19.164 


1284 Mechanical Vibrations 19.165 As the rotating speed of a spring-supported motor is slowly 
increased from 200 to 500 rpm, the amplitude of the vibration due 
to the unbalance of the rotor is observed to decrease steadily from 
8 mm to 2.5 mm. Determine (a) the speed at which resonance 
would occur, (b) the amplitude of the steady-state vibration at a 
speed of 100 rpm. 


19.166 The compressor shown has a mass of 250 kg and operates at 
2000 rpm. At this operating condition undesirable vibration 
occurs when the compressor is attached directly to the ground. 
To reduce the vibration of the concrete floor that is resting on 
clay soil, it is proposed to isolate the compressor by mounting it 
on a square concrete block separated from the rest of the floor 
as shown. The density of concrete is 2400 kg/m? and the spring 
constant for the soil is found to be 80 X 10° N/m. The geometry 
of the compressor leads to choosing a block that is 1.5 m by 
1.5 m. Determine the depth h that will reduce the force trans- 
mitted to the ground by 75%. 


Compressor 


Concrete block 


Asphalt filler 


Floor \ al ye Floor 
( tr ; ( gre a (4 C ( tr 
i 493, 6 
& 


Asphalt filler 


clay soil 
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! 19.167 If either a simple or a compound pendulum is used to determine 
experimentally the acceleration of gravity g, difficulties are encoun- 
tered. In the case of the simple pendulum, the string is not truly 
weightless, while in the case of the compound pendulum, the exact 
location of the mass center is difficult to establish. In the case of 
a compound pendulum, the difficulty can be eliminated by using 
a reversible, or Kater, pendulum. Two knife edges A and B are 
placed so that they are obviously not at the same distance from 
the mass center G, and the distance / is measured with great preci- 
sion. The position of a counterweight D is then adjusted so that the 
period of oscillation 7 is the same when either knife edge is used. 
Show that the period 7 obtained is equal to that of a true simple 

Fig. P19.167 pendulum of length / and that g = 47°l/7’. 


19.168 A 400-kg motor supported by four springs, each of constant Review Problems 19285 
150 kN/m, is constrained to move vertically. Knowing that the 
unbalance of the rotor is equivalent to a 23-g mass located at a 
distance of 100 mm from the axis of rotation, determine for a 
speed of 800 rpm (a) the amplitude of the fluctuating force trans- 
mitted to the foundation, (b) the amplitude of the vertical motion 
of the motor. 


Fig. P19.168 


19.169 Solve Prob. 19.168, assuming that a dashpot of constant c = 
6500 N - s/m is introduced between the motor and the ground. 


19.170 A small ball of mass m attached at the midpoint of a tightly 
stretched elastic cord of length / can slide on a horizontal plane. 
The ball is given a small displacement in a direction perpendicular 
to the cord and released. Assuming the tension T in the cord to 
remain constant, (a) write the differential equation of motion of 
the ball, (b) determine the period of vibration. 


Fig. P19.170 


COMPUTER PROBLEMS 


19.€1 By expanding the integrand in Eq. (19.19) into a series of even 
powers of sin ¢ and integrating, it can be shown that the period of a simple 
pendulum of length / can be approximated by the expression 


ine Leay 1x3x5\ 
= nytt ( Je -( Net + (Seo 4 
g 2 2x4 2Xx4X6 


where c = sin 56,, and 6,, is the amplitude of the oscillations. Use compu- 
tational software to calculate the sum of the series in brackets, using suc- 
cessively 1, 2, 4, 8, and 16 terms, for values of 0,, from 30 to 120° using 30° 
increments. 


19.€2 The force-deflection equation for a class of non-linear springs fixed 
at one end, is F = 5x!" where F is the magnitude, expressed in newtons, 
of the force applied at the other end of the spring and x is the deflection 
expressed in meters. Knowing that a block of mass m is suspended from the 
spring and is given a small downward displacement from its equilibrium 
position, use computational software to calculate and plot the frequency of 
vibration of the block for values of m equal to 0.2, 0.6, and 1.0 kg and values 
of n from | to 2. Assume that the slope of the force-deflection curve at the 
point corresponding to F = mg can be used as an equivalent spring 
constant. 


19.€3 A machine element supported by springs and connected to a dash- 
pot is subjected to a periodic force of magnitude P = P,,, sin wst. The trans- 
missibility T,, of the system is defined as the ratio F,,,/P,, of the maximum 
value F,,, of the fluctuating periodic force transmitted to the foundation to 
the maximum value P,, of the periodic force applied to the machine ele- 
ment. Use computational software to calculate and plot the value of T,, for 
frequency ratios w,/w, equal to 0.8, 1.4, and 2.0 and for damping factors c/c, 
equal to 0, 1, and 2. (Hint: Use the formula given in Prob. 19.148.) 


P=P,, sin @¢t 


c-Ww-e| 
CW 


Fig. P19.C3 
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19.C4 A 15-kg motor is supported by four springs, each of constant 
60 kN/m. The unbalance of the motor is equivalent to a mass of 20 g located 
125 mm from the axis of rotation. Knowing that the motor is constrained 
to move vertically, use computational software to calculate and plot the 
amplitude of the vibration and the maximum acceleration of the motor for 
motor speeds of 1000 to 2500 rpm. 


19.€5 Solve Prob. 19.C4, assuming that a dashpot having a coefficient of 
damping c = 2.5 kN - s/m has been connected to the motor base and to 
the ground. 


19.€6 A small trailer and its load have a total mass of 250 kg. The trailer 
is supported by two springs, each of constant 10 kN/m, and is pulled over 
a road, the surface of which can be approximated by a sine curve with an 
amplitude of 40 mm and a wave length of 5 m (i.e., the distance between 
successive crests is 5 m and the vertical distance from crest to trough is 
80 mm). (a) Neglecting the mass of the wheels and assuming that the wheels 
stay in contact with the ground, use computational software to calculate and 
plot the amplitude of the vibration and the maximum vertical acceleration 
of the trailer for speeds of 10 to 80 ki/h. (b) Determine the range of values 
of the speed of the trailer for which the wheels will lose contact with the 


ground. 
a 


py aera 


Fig. P19.C6 
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Appendix 


Fundamentals of Engineering 
Examination 


Engineers are required to be licensed when their work directly affects 
the public health, safety, and welfare. The intent is to ensure that 
engineers have met minimum qualifications involving competence, 
ability, experience, and character. The licensing process involves an 
initial exam, called the Fundamentals of Engineering Examination, 
professional experience, and a second exam, called the Principles and 
Practice of Engineering. Those who successfully complete these 
requirements are licensed as a Professional Engineer. The exams are 
developed under the auspices of the National Council of Examiners 
for Engineering and Surveying. 

The first exam, the Fundamentals of Engineering Examination, 
can be taken just before or after graduation from a four-year accred- 
ited engineering program. The exam stresses subject material in a 
typical undergraduate engineering program, including statics and 
dynamics. The topics included in the exam cover much of the mate- 
rial in this book. The following is a list of the main topic areas, with 
references to the appropriate sections in this book. Also included are 
problems that can be solved to review this material. 


Concurrent Force Systems (2.2-2.9; 2.12—-2.14) 
Problems: 2.33, 2.35, 2.36, 2.37, 2.73, 2.83, 2.92, 2.93, 2.97 


Vector Forces (3.4-3.11) 
Problems: 3.16, 3.18, 3.25, 3.31, 3.38, 3.40 


Equilibrium in Two Dimensions (2.11; 4.1-4.7) 
Problems: 4.5, 4.13, 4.14, 4.17, 4.29, 4.38, 4.66, 4.75 


Equilibrium in Three Dimensions (2.15; 4.8—4.9) 
Problems: 4.101, 4.104, 4.103, 4.106, 4.115, 4.117, 4.127, 
4.132, 4.140 


Centroid of an Area (5.2-5.7) 
Problems: 5.6, 5.18, 5.29, 5.35, 5.40, 5.56, 5.58, 5.99, 5.103, 
5.104, 5.125 


Analysis of Trusses (6.2—6.7) 
Problems: 6.3, 6.4, 6.33, 6.43, 6.44, 6.56 


Equilibrium of Two-Dimensional Frames (6.9-6.11) 
Problems: 6.76, 6.80, 6.87, 6.91, 6.92 
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Fundamentals of Engineering Examination 


Shear and Bending Moment (7.3-7.6) 
Problems: 7.22, 7.25, 7.31, 7.36, 7.45, 7.49, 7.70, 7.83 


Friction (8.2—8.5; 8.10) 
Problems: 8.11, 8.15, 8.21, 8.30, 8.50, 8.53, 8.101, 
8.104, 8.105 


Moments of Inertia (9.2—9.10) 
Problems: 9.5, 9.31, 9.32, 9.33, 9.77, 9.78, 9.84, 9.89, 
9.101, 9.103 


Kinematics (11.1-11.6; 11.9-11.14, 15.2-15.8) 
Problems: 11.4, 11.5, 11.34, 11.61, 11.69, 11.97, 15.6, 15.30, 
15.40, 15.57, 15.65, 15.83, 15.118, 15.141 


Force, Mass, and Acceleration (12.1-12.6, 16.2-16.8) 
Problems: 12.5, 12.6, 12.28, 12.30, 12.37, 12.46, 12.51, 
12.56, 16.3, 16.5, 16.11, 16.25, 16.30, 16.50, 16.58, 16.63, 
16.76, 16.85, 16.138 


Work and Energy (13.1-13.6; 13.8; 17.1-17.7) 
Problems: 13.5, 13.7, 13.15, 13.22, 13.39, 13.41, 13.50, 13.62, 
13.64, 13.68, 17.1, 17.2, 17.18, 17.28 


Impulse and Momentum (13.10-13.15; 17.8-17.12) 
Problems: 13.121, 13.126, 13.129, 13.134, 13.146, 13.157, 
13.159, 13.170, 17.53, 17.59, 17.69, 17.74, 17.96, 17.102, 17.106 


Vibration (19.1-19.3; 19.5-19.7) 
Problems: 19.1, 19.3, 19.11, 19.17, 19.23, 19.27, 19.50, 19.55, 
19.66, 19.76, 19.83, 19.85, 19.101, 19.105, 19.115 


Friction (Problems involving friction occur in each of the above 
subjects) 
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A 


Absolute and relative acceleration in plane 
motion, 704, 957-959, 1014 
Absolute and relative velocity in plane 
motion, 934—946, 948, 1013 
Absolute motion, 647 
Abstract science, 2 
Accelerated motion, 768 
Accelerations, 962—963, 1002-1005. See 
also Coriolis acceleration; Forces 
and accelerations 
angular, 917, 920, 960, 988, 990, 
1003-1004, 1012, 1052 
of the coinciding point, 977 
determining, 612, 634, 948, 990-991 
in the Fundamentals of Engineering 
Examination, 1333 
of gravity, 697 
instantaneous, 604—605 
in plane motion, absolute and relative, 
957-959, 1014 
relationships among, 1061 
relative, 683, 977 
tangential component of, 666 
Acceleration-time curve, 632 
Action, lines of, 16, 21, 75, 82, 309 
Addition 
of couples, 111 
of vectors, 18—20 
Addition of forces 
by summing X and Y components, 
30-35 
in space, concurrent, 49-57, 66 
parallelogram law for, 3 
Addition of vectors, 1289 
Allowable error, 791 
Analysis of a frame, 316-317, 347 
Analysis of structures, 284-351 
computer problems, 350-351 
frames and machines, 316-344, 347 
introduction, 286-287 
review problems, 348-349 
summary, 345-347 
Analysis of trusses, 287-315, 345-346 
by the method of joints, 290-292, 
345-346 
by the method of sections, 
304-305, 346 
Analytic solutions, 30, 40 
Angle formed by two vectors, 1293 
Angles 
lead, 431, 461 
of friction, 415-416, 460 
of repose, 415 


Angular acceleration, 917, 920, 988, 
990, 1052 
in rotation about a fixed axis, 960, 
1011-1012 
Angular coordinates, 919 
Angular impulses, 874 
Angular momentum couple, 1104, 
1155, 1157 
Angular momentum of a rigid body in 
three dimensions, 1147-1151, 1201 
constrained to rotate about a fixed point, 
1151, 1202 
reduction of the momenta of the particles 
of a rigid body to a momentum 
vector and a couple, 1150 
Angular momentum of a system of 
particles, 859-860, 905 
Angular momentum, 1137 
components of, 1173 
conservation of, 723-724, 727, 747-748, 
787, 866, 879, 1106, 1110, 1192 
of a particle, 721-722, 747 
rate of change of, 747 
of a system of particles about its mass 
center, 862—864, 906 
Angular velocity, 917, 920, 988-990, 1003, 
1154-1157 
constant, 1216 
in rotation about a fixed axis, 1011-1012 
Answers, checking carefully, 13 
Apogee, 737 
Applications, of the principle of virtual 
work, 562-564 
Applied loads, 323 
Applied science, 2 
Approximate solutions, 633, 1229 
to the simple pendulum, 1218 
Arbitrary axes, mass products of inertia, 
moments of inertia of a body with 
respect to, 1316-1317, 1331 
Arbitrary shapes, determination of the 
principal axes and principal 
moments of inertia of a body of, 
535-546 
Archimedes, 2 
Area, units of (SI units), 5-8 
Areal velocity, 723-724, 747-748 
Areas and lines, 220-257. See also 
Moments of inertia of areas 
center of gravity of a two-dimensional 
body, 220-221, 274 
centroids of, 222-223, 274 
composite plates and wires, 226-236 
determination of centroids by 
integration, 236-238, 275 


Areas and lines—Cont. 
distributed loads on beams, 248, 276 
first moments of, 223-226, 274 
forces on submerged surfaces, 249-257 
theorems of Pappus-Guldinus, 
238-247, 276 
Areas, symmetric and unsymmetric, 224 
Aristotle, 2 
Associative addition, 20 
Associative addition, of vectors, 1289 
Associative property, 94 
Assumptions, 363-364 
Astoria Bridge, 284-285 
Average impulsive force, 812 
Average power, 770 
Average velocity, 603-604 
Axes 
centroidal, 483, 490, 498, 514 
of a wrench, 134, 136 
of inertia, principal, 498-506, 533-534, 
549, 552 
projection of a vector on, 95, 148 
Axes, centroidal, 1297 
Axes of inertia, 1149, 1156-1157, 
1173, 1201 
principal, 1318-1320, 1322-1324 
Axes of rotation, instantaneous, 946, 985, 
998, 1015 
Axial forces, 354-355, 357, 403 
Axisymmetrical bodies, 1190-1191, 1205 
Axle friction, 439-441, 445 


B 


Balance, 1169 
Ball-and-socket joints, 995-997 
Beams 
cantilever, 404 
forces in, 362-383 
relations among load, shear, and bending 
moment, 373-383, 404 
shear and bending moment in a beam, 
363-365, 404 
shear and bending-moment diagrams, 
365-373 
shear and bending-moment in, 
363-365, 404 
simply supported, 404 
various types of loading and support, 
362-363 
Bearings, 1174-1175 
journal, 439-441, 445 
thrust, 441-442, 445 
Belt friction, 449-459 
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Bending, 354-355 
pure, 473 
Bending moment, 355, 357 
diagrams, 365-373, 379 
in a beam, 363-365, 403-404 
Binormal, 667, 672, 685 
Body centrode, 948 
Body cone, 985 
Body of revolution, 238-239 
Bound vectors, 17 
Bowling ball, 1052, 1151 


C 


Cables 
catenary, 395-402, 405 
flexibility of, 383, 404 
forces in, 383-402 
parabolic, 385-395, 405 
with concentrated loads, 383-384 
with distributed loads, 384—385, 405 
Cantilever beams, 404 
Catenary, 395-402, 405 
Center of gravity, 861 
Center of rotation, instantaneous, 918, 
946-956 
Centers of gravity, 231-236 


of a three-dimensional body, 75, 258-260, 


275-276 
of a two-dimensional body, 
220-221, 274 
Central force 
motion under, 723-724, 727, 747-748 
trajectory of a particle under, 734 
Central impact, 821-827, 847-848, 1119 
direct, 821-824, 847-848 
oblique, 824—827 
Centrifugal force, 699, 1054 
Centroidal axes, 483, 498, 514, 1297 
parallel, 490, 522 
Centroidal frame of reference 
motion relative to, 863 
using, 872-873 
Centroidal mass moments of 
inertia, 1148 
Centroidal rotation, 1030, 1054 
Centroids, 220 
determination of, 228, 231 
by integration, 236-238, 261-273, 
275, 277 
of a volume, 258-260, 265, 275-276 
of areas and lines, 222-223, 
225-226, 274 
Centroids and centers of gravity, 
220-283 
areas and lines, 220—257 
computer problems, 281-283 
introduction, 220 
review problems, 278-280 
summary, 274-277 
volumes, 258-273 
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Change. See also Rate of change of a 
vector 
in potential energy, 782, 786 
Characteristic equations, 1261 
Chemical energy, 786 
Circle of friction, 445 
Circular frequency, 1262 
forced, 1250 
natural, 1215, 1222 
Circular orbits, 737, 916 
Circular permutations, 97 
Coefficient, of critical damping, 1261 
Coefficients 
of restitution, 754, 848, 1125 
of viscous damping, 1261, 1268 
Coefficients of friction, 412—414 
Coinciding point, acceleration of, 977 
Collar bearings, 441 
Collisions, 866, 879 
Columbia River, 218-219, 284-285 
Comets, 744 
Commutative addition, of vectors, 1289 
Commutative products, of vectors, 
1291-1292 
Commutative property, 78 
in addition, 18 
Complementary acceleration. See Coriolis 
acceleration 
Complementary function, 1251 
Complete constraints, 306 
Components. See Oblique components; 
Rectangular components; Scalar 
components; Vector components 
Composite bodies, 261, 277, 
1299-1316, 1331 
common geometric shapes, 1300 
computing, 1306 
moments of inertia of, 516-532, 
1299-1316, 1331 
Composite plates and wires, 226-236 
Compound pendulum, 1237 
Compound trusses, 305-306 
Compression, 345-346, 354-355 
Computation, anticipating errors in, 13 
Computer problems 
analysis of structures, 350-351 
distributed forces 
centroids and centers of gravity, 
281-283 
moments of inertia, 555 
equilibrium of rigid bodies, 216-217 
forces in beams and cables, 408—409 
friction, 467-469 
method of virtual work, 598-599 
rigid bodies, in equivalent systems of 
forces, 154-155 
statics of particles, 69-70 
energy and momentum methods, 
852-853, 1142-1143 
forces and accelerations, 1079 
kinematics of particles, 688-689 
kinematics of rigid bodies, 1021-1023 


Computer problems—Cont. 
kinetics of rigid bodies in three 
dimensions, 1209-1211 
mechanical vibrations, 1286-1287 
Newton’s second law, 753 
systems of particles, 912-913 
Computer, hard disk, 1028 
Computing, composite bodies, 1306 
Concentrated loads, 248, 362 
cables with, 383-384 
equivalent, 250 
Concentric circles, 916 
Concurrent forces, 126 
in space, addition of, 49-57, 66 
resultant of several, 20-21, 65 
Conditions, necessary and sufficient, 319 
Conic sections, 735-736 
Conservation of energy, 785-786, 790, 
832, 846, 877-879, 1086-1087, 
1091-1092, 1136 
for a system of particles, 769, 874, 907 
Conservation of momentum, 832, 878 
angular, 723-724, 747-748, 787, 790, 
879, 1106-1118, 1138 
linear, 695, 754, 866, 879 
for a system of particles, 864—872, 906 
Conservative forces, 784—785, 792, 
845, 1240 
Constant force in rectilinear motion, work 
of, 758 
Constant of gravitation, 4, 748 
Constrained plane motion, 1052-1073, 1075 
noncentroidal rotation, 1053-1054 
rotation about a fixed point, 1203 
Constraints, 159 
complete, 306, 310, 346 
improper, 165, 190, 196, 211-212, 310 
partial, 164-181, 190, 196, 211-212, 310 
Conversion from one system of units to 
another, 10-11 
units of force, 10-11 
units of length, 10 
units of mass, 11 
Conveyor belts, 893 
Coordinates, 2 
Coplanar forces, 126-127 
resultant of several, 65 
Coplanar vectors, 20 
Coriolis acceleration, 918, 977, 998-999, 
1004, 1015-1017 
Coriolis, Gustave-Gaspard, 974 
Cosines. See Direction cosines 
Coulomb friction, 1260 
Coulomb friction. See Dry friction 
Counters, 314 
Couple vectors, 149 
Couples 
addition of, 111 
applied to a beam, 369 
equivalent, 109-111, 116, 149 
moment of, 108, 149 
representing by vectors, 111-112 


Couples—Cont. 
angular momentum, 1104, 1155, 1157 
constant, 1084 
inertial, 1075 
magnitude of, 1105 
moment of, 1074, 1135, 1191 
work of, 1093 
Critical damping, 1261, 1268, 1281 
coefficient of, 1261, 1268 
Cross products, 78, 88, 1290 
Curvilinear motion, 641 
Curvilinear motion of particles, 
641-681 
derivatives of vector functions, 
643-645, 684 
motion relative to a frame in translation, 
646-664, 684 
position vector velocity and acceleration, 
641-642, 683-684 
radial and transverse components, 
668-681, 685 
rectangular components of velocity and 
acceleration, 645-646, 684 
tangential and normal components, 
665-667, 685 
Customary units (U.S.), 9-10, 12 
Cylindrical coordinates, 669, 673 


D 


d’Alembert, 2 
d'Alembert, Jean le Rond, 1029 
d’Alembert’s principle, 1053 
extension to the motion of a rigid body 
in three dimensions, 1166-1167, 
1203-1204 
plane motion of rigid bodies and, 
1029-1030, 1075 
Damped free vibrations, 1260-1262, 
1268-1269, 1280-1281 
critical damping, 1261 
heavy damping, 1261 
light damping, 1261-1262 
Damped vibrations, 1260-1276 
electrical analogues, 1264-1276, 1281 
Damping factor, 1262, 1269 
Dams, 218-219 
Dashpots, 1267 
Definite integrals, 607 
Deflection, 793 
Deformable bodies, mechanics of, 2 
Deformation, 1119 
period of, 826 
Deformations, 77 
Degrees of freedom, 581 
Derivatives of vector functions, 
643-645, 684 
Derived units, 5 
Determinate trusses. See Statically 
determinate trusses 
Determination of the motion of a particle, 
607-616, 682 


Diagrams, drawing free-body, 704, 812-813, 
833, 924 
Diagrams, shear and bending-moment, 
365-373 
Diesel engines, 914 
Differential, exact, 785 
Direct central impact, 821-824, 847-848 
perfectly elastic impact, 823, 848 
perfectly plastic impact, 823, 848 
Direct precession, 1188 
Direction cosines, 65—66 
Disk clutches, 441, 445 
Disk friction, 441-442, 445 
Displacement, 558 
defining, 756-757, 984 
finite, 578—579, 593, 758 
measuring, 1232 
virtual, 592 
work corresponding to, 843 
Distributed forces 
centroids and centers of gravity, 
220-283 
areas and lines, 220—257 
computer problems, 281-283 
introduction, 220 
review problems, 278-280 
summary, 274-277 
volumes, 258-273 
moments of inertia, 470-555 
computer problems, 555 
introduction, 470-473 
moments of inertia of areas, 
473-511 
moments of inertia of masses, 512-546, 
550-552 
review problems, 553-554 
summary, 547-552 
Distributed loads, 362 
cables with, 384—385, 405 
on beams, 248, 252, 276 
Distributive products, of vectors, 1291 
Distributive property, 78 
Diverted flows, 893 
Dot product, of two vectors, 1292 
Dot product. See Scalar product 
Double integration, 236 
Dry friction, 1260 
laws of, 412-414, 421 
problems involving, 416-429, 
460-461 
solving problems with, 704 
Dynamic equilibrium, 699-720, 746, 
1031, 1075 
Dynamic reactions, 1169, 1171, 1175 
Dynamics, introduction to, 602-603 


Earthquake mitigation, 1212-1213 
Eccentric impact, 821, 1119-1134, 1138 
Eccentricity, 735 

Effective forces, 857, 1029, 1038, 1075 


Efficiency, 764 
in problem solving, 324 
mechanical, 764 
mechanical, of real machines, 
564-577, 593 
power and, 763-782, 845 
Elastic force, 783, 793 
Elastic forces, 594 
Elastic impacts, 823-824, 834, 848 
Electrical analogues to damped vibrations, 
1264-1276, 1281 
characteristics of a mechanical system 
and of its electrical analogue, 1265 
Electrical energy, 786 
Electrical oscillations, 1265 
Elevations, 389-390 
Ellipsoid of inertia, 533-534, 552, 1318 
Elliptic integrals, 1219 
tables of, 1219 
Elliptic trajectories, 736-737, 740-741 
Empiricism, 2 
End bearings, 441 
Energy and momentum methods, 754-853, 
1080-1143 
applications of the principle of work and 
energy, 762-763, 845 
computer problems, 852-853, 
1142-1143 
conservation of angular momentum, 
1106-1118, 1138 
conservation of energy, 785-786, 846, 
877-879, 1086-1087, 1136, 1192 
conservative forces, 784—785, 845 
direct central impact, 821-824, 
847-848 
eccentric impact, 1119-1134, 1138 
impact, 821 
impulsive motion, 809-820, 847, 
1119, 1138 
introduction, 756, 1082 
kinetic energy in rotation, 1136 
kinetic energy of a particle, principle 
of work and energy, 760-761, 
844-845 
kinetic energy of a rigid body in plane 
motion, 1084-1085, 1088, 1135 
motion under a conservative central 
force, application to space 
mechanics, 787-806, 846 
motion under a gravitational force, 846 
oblique central impact, 824—827 
potential energy, 782-784, 845 
power, 1087-1102, 1136 
power and efficiency, 763-782, 845 
principle of impulse and momentum, 
806-808, 846-847 
principle of impulse and momentum for 
the plane motion of a rigid body, 
1103-1105, 1136-1138 
principle of work and energy for a rigid 
body, 1082-1083, 1135 
problems involving, 827-842 
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Energy and momentum methods—Cont. 
problems involving energy and 
momentum, 827-842 
review problems, 849-851, 1139-1141 
summary, 843-848, 1135-1138 
systems of rigid bodies, 1085-1086, 
1106, 1136 
using the three fundamental methods of 
kinetic analysis, 848 
work of a couple, 1135 
work of a force, 756-760, 843 
work of forces acting on a rigid body, 
1083-1084, 1135 
Energy, potential, 558, 580, 594 
Energy. See also Chemical energy; 
Electrical energy; Kinetic energy; 
Mechanical energy; Potential 
energy; Thermal energy; Total 
energy; Work-energy principle 
in the Fundamentals of Engineering 
Examination, 1333 
summing kinetic and potential, 792 
Engines 
diesel, 914 
jet, 887, 893, 908 
Equations 
characteristic, 1261 
for free-body diagrams, 1031, 1038, 
1075, 1190, 1204 
homogeneity of, 1251 
of a quadric surface, 1317 
Equations defining the rotation of a 
rigid body about a fixed axis, 917, 
922-932, 
uniform rotation, 922 
uniformly accelerated rotation, 922 
Equations of motion, 697-698, 746, 
1033-1037, 1057, 1170, 1172, 
1230, 1233 
free-body diagrams for, 1031, 1075, 1204 
radial and transverse components, 
722-723, 747 
rectangular components, 698 
for a rigid body, 1201 
tangential and normal components, 698 
Equilibrium, 16 
computer problems, 216-217 
equations of, 37, 210, 309, 368, 
416-417 
free-body diagrams, 159, 210 
introduction, 158 
of a three-force body, 182-188, 211 
of a two-force body, 181-182, 211 
of rigid bodies, 156-217 
review problems, 213-215 
stability of, 582-591, 594 
summary, 210-212 
Equilibrium, dynamic, 699-720, 746, 
1031, 1075 
Equilibrium in three dimensions, 189-209, 
211-212 
of a rigid body in three dimensions, 189 
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Equilibrium in three dimensions—Cont. 
reactions at supports and connections 
for a three-dimensional structure, 
189-209 
Equilibrium in two dimensions, 160-188, 
210-211 
improper constraints, 211 
of a rigid body in two dimensions, 162-163 
of a three-force body, 182-188, 211 
of a two-force body, 181-182, 211 
reactions at supports and connections for a 
two-dimensional structure, 160-161 
statically indeterminate reactions, 
partial constraints, 164-181, 211 
Equilibrium of a particle, 35-36 
in space, 57-63, 66 
problems involving, 36-45 
Equipollent systems of forces, 858, 862, 
886, 1029, 1074, 1167 
Equipollent systems of vectors, 125 
Equivalent couples, 109-111, 116, 149 
Equivalent forces, principle of 
transmissibility in, 75-77, 146 
Equivalent systems of forces, 125, 146, 150 
Error, allowable, 791 
Errors in computation, anticipating, 13 
Escape velocity, 693, 737-738, 749 
Euler, Leonhard, 1166 
Euler’s equations of motion, extension 
of d’Alembert’s principle to the 
motion of a rigid body in three 
dimensions, 1166-1167, 1203-1204 
Exact differential, 785 
Exact solution, to the simple pendulum, 
1219-1228 
Examination preparation. See Fundamentals 
of Engineering Examination 
Experimental methods, 1266 
Explosions, 866 
External forces, 74-75, 146, 364, 857-863, 
866, 905, 1024, 1029-1030, 
1085, 1135 
work done by, 1083 


F 


Fans. See also Propellers; Wind turbines 
steady stream of particles from, 888, 893 
Figure skater, 1106 
Final momentum, 807 
Finite displacement, work of a force 
during, 578-579, 593 
Finite displacements, 758 
Fink trusses, 305 
Firing angle, 652 
First moments, 220, 274, 473, 476 
of areas and lines, 223-226, 228, 231, 274 
Fixed axis rotation, 914 
Fixed frame, 1174 
rate of change of a vector with respect 
to, 644-645, 978, 990 
Fixed vectors, 17 


Flexibility, of cables, 383, 404 
Fluid flowing through a pipe, steady 
stream of particles from, 887 
Fluid friction, 412, 1260 
Fluid stream diverted by a vane, steady 
stream of particles from, 887 
Fluids 
compressibility of, 2 
mechanics of, 2 
Force, 2-3, 5 
defined by its magnitude and two points 
on its line of action, 48-49 
elastic, 594 
of gravity, 6, 580, 594 
on a particle, resultant of two forces, 
16-17, 64 
units of, LO-11 
Force-couple systems, 74, 113, 
130-131, 357 
Force. See also Central force; Systems of 
forces 
acting on a rigid body, 1083-1084, 1135 
centrifugal, 699, 1054 
effective, 857, 1029, 1038, 1075 
elastic, 783, 793, 1243 
exerted by a spring, 759, 844, 1094, 
1125, 1220 
exerted on a stream, 891 
external, 857-863, 866, 905, 1024, 
1085, 1135 
of friction, 763, 1059 
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of gravity, 695-696, 758-759 
impressed, 1255 
impulsive, 809, 812, 1125 
internal, 857, 874, 1085 
nonimpulsive, 809, 812, 1125 
work of, 1093 
Force triangle, 37, 183 
Forced frequency, 1252, 1280 
circular, 1250 
Forced vibrations, 1250-1260, 
1279-1280 
damped, 1212, 1263-1264, 1269, 1281 
Forces 
axial, 354-355, 357 
concurrent, 20—21, 65, 182, 211 
constraining, 159 
coplanar, 65 
external and internal, 74-75 
hydrostatic, 491 
in a spring, 579-580, 594 
on submerged surfaces, 249-257 
parallel, 182, 211 
shearing, 354-355, 363-373, 404 
Forces and accelerations, 1024—1079 
angular momentum of a rigid body in 
plane motion, 1028, 1074-1075 
computer problems, 1079 
constrained plane motion, 
1052-1073, 1075 


Forces and accelerations—Cont. 
d’Alembert’s principle, 1029-1030, 1075 
doing no work, 760 
equations of motion for a rigid body, 
1027, 1074 

free-body diagram equation, 1075, 1204 

introduction, 1026 

plane motion of a rigid body, 
1029-1030, 1075 

remark on the axioms of the mechanics 
of rigid bodies, 1030-1031 

review problems, 1076-1078 

solution of problems involving the 
motion of a rigid body, 1031-1032 

summary, 1074-1075 

systems of rigid bodies, 1032-1051, 1075 

Forces in a plane, 16—45, 64-65 

addition of forces by summing X and Y 
components, 30-35 

addition of vectors, 18—20 

equilibrium of a particle, 35-36 

force on a particle, resultant of two 
forces, 16-17, 64 

Newton’s first law of motion, 36 

problems involving the equilibrium of a 
particle, free-body diagrams, 36-45 

rectangular components of a force, unit 
vectors, 27-29, 64 

resolution of a force into components, 
21-27, 64 

resultant of several concurrent forces, 
20-21, 65 

resultant of several coplanar forces, 65 

vectors, 17-18 
Forces in beams and cables, 352-409 
beams, 362-383 
cables, 383-402 
computer problems, 408-409 
internal forces in members, 354-361 
introduction, 354 
review problems, 406-407 
summary, 403-405 
Forces in space, 45-63, 65-66 
addition of concurrent forces in space, 
49-57, 66 

direction cosines, 65—66 

equilibrium of a particle in space, 
57-63, 66 

force defined by its magnitude and two 
points on its line of action, 48—49 

free-body diagrams, 66 

rectangular components of a force in 
space, 45-48 

Forces of gravitation, 580 

Frames and machines, 287, 316-344, 347 
analysis of a frame, 316-317, 347 
frames which cease to be rigid when 

detached from their supports, 
317-331 
machines, 331-344, 347 
structures containing multiforce 
members, 316 


Frames of reference, 1001-1005 
centroidal, 872—873 
in general motion, 999-1010, 1017 
newtonian, 694, 1027 
selecting, 1005 
in translation, 646-664, 684 
Free-body diagrams, 12, 37-40, 57-59, 66, 
158, 159, 166-170, 183, 192-196, 
210, 230, 297, 309, 335, 357, 368, 
379, 389, 419-420, 422, 445 
drawing, 704, 812-813, 833, 1061, 1110, 
1125, 1174, 1221, 1232 
equation for, 1031, 1038, 1075, 
1190, 1204 
Free vectors, 18, 108, 116 
Free vibrations, 1212, 1221 
damped, 1260-1262, 1268-1269, 
1280-1281 
of particles, simple harmonic motion, 
1214-1218, 1277-1278 
of rigid bodies, 1228-1240, 1279 
transient, 1280 
Freedom, degrees of, 581, 583 
Frequency, natural circular, 1215, 
1222, 1252 
Frequency ratio, 1252 
Friction, 410-469 
angles of, 415-416, 460 
axle, 439-441, 445 
belt, 449-459 
circle of, 445 
coefficients of, 412-414, 422, 452-454 
computer problems, 467-469 
disk, 441-442, 445 
dry friction 
problems involving, 416-429, 461 
the laws of, 412-414 
fluid, 412 
introduction, 412 
journal bearings, 439-441 
maximum and minimum values of, 418 
review problems, 463-466 
square-threaded screws, 430-439 
static and kinetic, 460 
summary, 460-462 
thrust bearings, 441-442 
wedges, 429-430 
wheel friction, rolling resistance, 
442-449 
Friction forces, 763, 1059 
kinetic, 1062 
work done by, 1082 
Frictionless particles, assumption of, 824 
Frictionless pins, 560 
Full vector approach, 964 
Fundamental concepts and principles, 
2-5, 13 
Newton’s law of gravitation, 4 
Newton’s three fundamental laws, 3-4 
parallelogram law for the addition of 
forces, 3 
principle of transmissibility, 3 
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force, mass, and acceleration, 1333 
impulse and momentum, 1333 
kinematics, 1333 
vibration, 1333 
work and energy, 1333 


G 


Galileo, 602 
General motion, 917, 987-998 
of a rigid body, 991 
in space, 1016 
General plane motion, 914, 917, 932-933, 
1013, 1030, 1061 
Geneva mechanism, 971 
Geometric center, 1062 
Golf ball 
deformation upon impact, 754-755 
momentum of hitting, 874 
Grand Coulee Dam, 218-219 
Grand Viaduc de Millau, 352-353 
Graphical solution, of rectilinear motion 
problems, 630-631, 683 
Graphical solutions, 23, 30, 36 
Gravitation 
constant of, 4 
force of, 6, 580, 594 
law of, 4 
Gravitational force. See also 
Newton’s laws 
constant of, 748 
work of, 759-760, 843-844 
Gravitational system of units, 696 
Gravitational units, 9 
Gravity, center of, 861 
Gravity, force of, 6 
Gymnist, 1080-1081 
Gyration, radius of, 1296, 1330 
Gyration, radius of, 476-482, 513, 550 
Gyroscope, steady precession of, 
1187, 1205 


H 


Hamilton, 2 

Hard disk, computer, 1028 

Harmonic motion, 1215, 1222, 1278 

Heavy damping, 1261, 1268, 1281 

Helicopter, steady stream of particles 
from, 888 

Hodographs, of motion, 642 

Homogeneity, of equations, 1251 

Horizontal differential element, 240 

Horizontal motion, 854 

Hubble telescope, 735 

Hydraulics, 2 

Hydrostatic forces, 491 

Hyperbolic trajectories, 736-737, 
740-741 
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Impact, 809, 821, 832, 1125 
central, 821—827, 833, 847-848, 1119 
eccentric, 1119-1134, 1138 
elastic, 823, 848 
line of, 821, 833 
plastic, 823, 848 
Impedance, 1266 
Impending motion, 414, 417, 422, 461 
Impressed force, 1255 
Improper constraints, 211 
Impulse-momentum principle, 809, 877 
Impulses, 806-807, 812, 1191 
angular, 874 
unknown, 1157 
Impulsive forces, 809, 812, 847, 1125 
average, 812 
Impulsive motion, 809-820, 847, 1119, 1138 
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In phase, 1252 
Indeterminate trusses. See Statically 
indeterminate trusses 
Inertia, 1295 
axis of, 1149, 1156-1157, 1173, 1201 
ellipsoid of, 1318 
products of, 1173, 1175, 1331 
Inertia. See also Moments of inertia; 
Products of inertia 
ellipsoid of, 533-534, 552 
mass products of, 539-540 
Inertia couple, 1075 
Inertia vector, 699, 1075 
Infinitesimal rotations, 986 
Initial conditions, 607, 622 
Input forces, 331, 347, 564 
Instantaneous acceleration, 604—605 
Instantaneous axis of rotation, 946, 
985, 998 
Instantaneous center of rotation, 918, 1105 
in plane motion, 946-956, 1013 
Instantaneous velocity, 604 
Integration 
double, 236, 261 
triple, 261 
Internal forces, 74—75, 77, 146, 286, 345, 
356-357, 857, 874, 1085 
in members, 354-361 
in multiforce members, 323-324, 347, 
354, 403 
in straight two-force members, 403 
Internal friction, 1260 
International System of Units (SI units),5—8 
units of area and volume, 5—8 
used in mechanics, 8 
Invariable plane, 1200 


J 


Jet engines, 887, 893, 908 
steady stream of particles from, 887, 893 
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Joints. See also Method of joints 
under special loading conditions, 292-294 


K 


Kepler, Johann, 738 
Kepler's laws of planetary motion, 
738-745, 749 
Kinematics, 1030, 1061 
analysis by, 1062 
defining, 602 
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of motion, 1033-1034, 1037, 
1060-1061, 1230 
Kinematics of particles, 600-689 
computer problems, 688-689 
curvilinear motion of particles, 641-681 
introduction to dynamics, 602-603 
rectilinear motion of particles, 603-640 
review problems, 686-687 
summary, 682-685 
Kinematics of rigid bodies, 914-1023 
absolute and relative acceleration in 
plane motion, 957-959, 1014 
absolute and relative velocity in plane 
motion, 934-946, 1013 
analysis of plane motion in terms of a 
parameter, 959-971, 1014 
computer problems, 1021-1023 
equations defining the rotation of a rigid 
body about a fixed axis, 917, 922-932 
frame of reference in general motion, 
999-1010, 1017 
general motion, 917, 987-998 
general motion in space, 1016 
general plane motion, 917, 932-933 
instantaneous center of rotation in plane 
motion, 946—956, 1013 
introduction, 916—918 
motion about a fixed point, 984-986, 1015 
plane motion of a particle relative 
to a rotating frame, Coriolis 
acceleration, 973-984, 1015 
rate of change of a vector with respect to 
a rotating frame, 971-973, 1014 
review problems, 1018-1020 
rotation about a fixed axis, 916-917, 
919-921, 1011 
summary, 1011-1017 
three-dimensional motion of a particle 
relative to a rotating frame, Coriolis 
acceleration, 998-999, 1016-1017 
translation, 916, 918-919, 1011 
Kinetic analysis, 1062 
three fundamental methods of, 848 
Kinetic energy, 1088-1092, 1155, 1157, 
1164, 1242-1244 
constant, 846 
of a particle, 760-761, 770, 788-789, 
792, 844-845 
in rotation, 1136 


Kinetic energy of a rigid body 
in plane motion, 1084-1085, 1135 
in three dimensions, 1152-1164, 1202 
Kinetic energy of a system of particles, 
872-873, 906-907 
using a centroidal frame of reference, 
872-873 
Kinetic friction, 1062 
Kinetic units, 5 
Kinetic-friction force, 412, 445, 460 
angle of, 415, 460 
coefficient of, 413, 421, 454, 460 
Kinetics 
analysis by, 848, 1062 
defining, 602 
Kinetics of particles, 690-853 
energy and momentum methods, 
754-853 
Newton’s second law, 690-753 
Kinetics of rigid bodies in three 
dimensions, 1144-1211 
angular momentum of a rigid 
body in three dimensions, 
1147-1151, 1201 
application of the principle of impulse 
and momentum to the three- 
dimensional motion of a rigid body, 
1151-1152, 1202 
computer problems, 1209-1211 
Euler's equations of motion, extension 
of d’Alembert’s principle to the 
motion of a rigid body in three 
dimensions, 1166—1167, 
1203-1204 
free-body diagram equation, 
1075, 1204 
fundamental equations of motion for a 
rigid body, 1201 
introduction, 1146-1147 
kinetic energy of a rigid body in three 
dimensions, 1152-1164, 1202 
motion of a gyroscope, Eulerian angles, 
1184-1185, 1205 
motion of a rigid body about a fixed 
point, 1167-1168, 1204 
motion of a rigid body in three 
dimensions, 1165-1166, 
1202-1203 
motion of an axisymmetrical body under 
no force, 1187-1200 
review problems, 1206-1208 
rotation of a rigid body about a fixed 
axis, 1168-1183 
steady precession of a gyroscope, 
1186-1187, 1205 
summary, 1201-1205 


L 


Lagrange, 2 
Law of gravitation. See Newton’s laws 
Lead angle, 431, 434, 461 


Length, 5 
units of, 10 
Light damping, 1261-1262, 1268, 1281 
Line of impact, 821, 833 
motion against, 830 
Linear impulse, 806-807 
of a force, 846 
Linear momentum, 1137 
conservation of, 695, 754, 866, 879 
of a particle, 694-695, 746, 846 
of a system of particles, 
859-860, 905 
Linear momentum vector, 1104, 
1155, 1157 
Lines. See Areas and lines 
Linkages, 1075 
Loading conditions, 196, 362-363. 
See also Applied Loads; 
Concentrated loads; 
Distributed loads 
joints under special, 292-294, 346 
Locomotive, 410—411 
Lubricated mechanisms, 412 


M 


Machines, 331-344, 347 
mechanical efficiency of real, 
564-577, 593 
Magnification factor, 1252, 1269, 1280 
Mass, 2—3, 5, 1217 
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systems gaining or losing, 
888-904, 908 
units of, 11 
Mass center 
of a system of particles, motion of, 
860-862, 905-906, 1024, 
1030, 1052 
velocity of, 1154 
Mass moments of inertia, 
1295-1296, 1305 
centroidal, 1148 
of common geometric shapes, 1300 
Mass products of inertia, 1316-1317 
Masses 
moments of inertia of, 472, 512-546, 
550-552 
products of inertia of, 539-540 
Mathematical expressions, 1289 
Maximum displacement of systems, 
in applying the principle of 
conservation of energy, 1241 
Mechanical efficiency, 764 


564-577, 593 

Mechanical energy, 786 

total, 786 

Mechanical systems 

space applications, 735-738, 749 
and their electrical analogue, 1265 


Mechanical efficiency, of real machines, 


Mechanical vibrations, 1212-1287 
computer problems, 1286-1287 
damped vibrations, 1260-1276 
introduction, 1214 
review problems, 1282-1285 
summary, 1277-1281 
vibrations without damping, 1214-1260 

Mechanics 
conversion from one system of units to 

another, 10-11 
defining, 2 
fundamental concepts and 
principles, 2-5 
method of problem solution, 11-13 
newtonian, 2 
numerical accuracy, 13 
of deformable bodies, 2 
of fluids, 2 
of rigid bodies, 2 
relativistic, 3 
systems of units, 5-10 
Mechanisms, lubricated, 412 
Method of joints, analysis of trusses by, 
290-292, 345-346 
Method of sections, analysis of trusses by, 
304-305, 346 

Method of virtual work, 556-599 

applications of the principle of virtual 
work, 562—564 

computer problems, 598-599 

during a finite displacement, 
578-579, 593 

equilibrium and potential energy, 581 

introduction, 557 

potential energy, 580-581, 594 

principle of virtual work, 561-562, 592 

real machines, mechanical efficiency, 
564-577, 593 

review problems, 595-597 

stability of equilibrium, 582-591, 594 

summary, 592-594 

virtual displacement, 592 

work of a force, 557-561, 
578-579, 593 

work of a weight, 593 

Method of work and energy. See Principle 

of work and energy 
Mixed triple product of three 
vectors, 1293 
expressed in terms of rectangular 

components, 1293 

Mixed triple product, of three vectors, 
96-97, 148 

Mohr, Otto, 506 

Mohr’s circle, for moments and products of 
inertia, 506-511, 549-550 

Moment of a couple, 108, 149 

Moment of a force 
about a given axis, 97-107, 148, 

1293-1294 
about a point, 81-82, 147, 1291-1292 
Moment resultants, 124 


Moment-area method, 631 
Moments 


of couples, 1074, 1135, 1191 
of vectors, 1104 


Moments of inertia, 470-555, 1189 


computer problems, 555 

introduction, 470—473 

Mohr’s circle for, 506-511, 549-550 

of a body with respect to an arbitrary 
axis, mass products of inertia, 
532-533, 551-552, 1316-1317, 
1331 

of a three-dimensional body, 
determination of by 
integration, 516 

of composite areas, 484—497, 548 

of composite bodies, 1299-1316, 1331 

of thin plates, 1298-1299, 1305-1306, 
1331 

polar, 472, 475-477, 479, 491 

principal, 498—506, 549 

principal, 1318-1320, 1322-1324 

review problems, 553-554 

summary, 547-552 


Moments of inertia of areas, 473-511 


determination of the moment of 
inertia of an area by integration, 
4T4—475 

Mohr’s circle for moments and products 
of inertia, 506—511, 549-550 

moments of inertia of composite areas, 
484-497, 548 

parallel-axis theorem, 483-484, 548 

polar moment of inertia, 475-476 

principal axes and principal moments of 
inertia, 498-506, 549 

products of inertia, 497-498, 548-549 

radius of gyration of an area, 476-482 

second moment, or moment of inertia, 
of an area, 473—474 


Moments of inertia of masses, 512-546, 


550-552, 1295-1332, 1330 
avoiding unit-related errors, 1305 
determination of the moment of inertia 

of a three-dimensional body by 

integration, 1299, 1306 
determination of the principal axes and 

principal moments of inertia of a 

body of arbitrary shape, 

1319-1329 
ellipsoid of inertia, principal axes of 

inertia, 1317-1318, 1332 
parallel-axis theorem, 1297, 1305, 

1330-1331 
principal axes of inertia, 1332 
principal moments of inertia, 1332 
summary, 1330-1332 
ellipsoid of inertia, 533-534, 552 
of a body of arbitrary shape, 535-546 
of a body with respect to an arbitrary 

axis, mass products of inertia, 

532-533, 551-552 
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Moments of inertia of masses—Cont. 
of a three-dimensional body by 
integration, 516 
of composite bodies, 516-532 
of thin plates, 515-516, 551 
parallel axis theorem, 514, 551 
principal axes of inertia, 
533-534, 552 


Momentum. See also Angular momentum; 


Energy and momentum methods; 
Impulse-momentum principle; 
Linear momentum 
conservation of, 832, 847, 878 
final, 807 
forces equipollent to, 886 
in the Fundamentals of Engineering 
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total, 808, 833-834 
Motion curves, 606, 633 
Motion of a particle 
determination of, 607-616, 682 
in space, 667, 685 
Motion of a rigid body 
about a fixed point, 1167-1168, 1204 
in three dimensions, 1165-1166, 
1202-1203 
Motion of several particles, 61S—619 
dependent motions, 619 
relative motion of two particles, 618 
Motion 
about a fixed point, 917, 984-986, 1015 
absolute, 647 
accelerated, 768 
along the line of impact, 830 
of an axisymmetrical body under no 
force, 1187-1200 
under a central force, 723-724, 
747-748 
under a conservative central force, 
application to space mechanics, 
787-806, 846 
curvilinear, 641, 683 


equations of, 697-698, 746, 1033-1037, 


1056, 1170, 1172, 1230, 1233 
under a gravitational force, 846 
of a gyroscope, Eulerian angles, 

1184-1185, 1205 
harmonic, 1215, 1278 
hodographs of, 642 
kinematics of, 1033-1034, 

1037, 1230 
of the mass center of a system of 

particles, 860-862, 905-906 
of a projectile, 646, 651-652 
relative, 1165 
relative to a centroidal frame of 

reference, 863 
relative to a frame in translation, 

646-664, 684 
rolling, 1053-1055, 1058-1059, 

1061-1062, 1075, 1084 
of several particles, 618-629, 683 
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Motion—Cont. 
sliding, 1058-1059, 1084 
steady-state, 1254, 1269 
uniform, 608, 768 
first law of, 36 
impending, 414, 417, 422, 461 
Multiforce members 
internal forces in, 354, 403 
structures containing, 316, 323-324, 
335, 347 


N 


National Institute of Standards and 
Technology, 9 
Natural frequency, 1217-1218, 
1252, 1280 
circular, 1215, 1222, 1253-1254 
Necessary conditions, 319 , 785 
Negative force, 763, 786 
Negative vectors, 18, 1289 
Negative work, 782 
Newton, Sir Isaac, 2, 693, 738 
Newton’s laws 
application to the motion of a system 
of particles, effective forces, 
856-859, 905 
of gravitation, 724-733, 748 
second law of motion, 693-694, 
746, 767 
Newton’s three fundamental laws, 3—4, 
12, 75-76 
first law of motion, 36 
law of gravitation, 4 
third law, 290, 316 
Newtonian frame of reference, 694, 746 
Newtonian mechanics, 2 
Noncentroidal rotation, 1053-1054, 
1075, 1085 
Nonimpulsive force, 809, 812, 1125 
Nonlubricated surfaces, 412, 460 
Normal components. See Tangential and 
normal components 
Numerical methods approach, 399 
Nutation, 1184, 1190, 1205 
rate of, 1191 


O 


Oblique components, 27 
Oblique impact, 821 
central, 824—827, 833 
Oblique launching, 846 
Ocean liner, 72-73 
Orbital motion, 748-749 
Origin, 2 
Oscillations, 1218-1219 
center of, 1229 
electrical, 1265 
Osculating planes, 667, 685 
Out of phase, 1252 


Output forces, 331, 347, 564 
Overall efficiency, 764 
Overhanging beams, 404 


P 


Pappus, 238 
Parabolic cables, 385-395, 405 
Parabolic trajectories, 736-737, 
740-741 
Parallel centroidal axis, 1305 
Parallel circles, 916 
Parallel forces, 127-128, 182 
Parallel-axis theorem, 483-484, 490, 514, 
522, 548, 551, 1301-1302, 1305 
Parallelogram law, 986, 1289 
Parallelogram law, for the addition of 
forces, 3, 17, 24—27, 64 
Partial constraints, 164-181, 211 
Particles, 3 
equilibrium of, 14-15 
in three-dimensional space, 59 
statics of, 14—70 
Particles. See Systems of particles 
Passing a section, 304 
Pendulum, compound, 1237 
Perfectly elastic impact, 823-824, 848 
Perfectly plastic impact, 823, 848 
Perigee, 737 
Period 
of a damped vibration, 1262 
of deformation, 826 
of vibrations, 1278 
Periodic functions, 1215-1216 
Periodic time, 737-739, 749 
Perpendicular distance, 27, 88, 100, 
102, 522 
Phase, 1252 
Phase angle, 1216 
Phase difference, 1264, 1281 
Pictorial representations, 1031-1032 
Pitch, 128-129, 434 
of a wrench, 134, 136 
Plane motion 
absolute and relative acceleration in, 
957-959, 1014 
absolute and relative velocity in, 
934-946, 1013 
analyzed in terms of a parameter, 
959-971, 1014 
diagramming, 938 
Plane motion of a particle, 665-667, 917 
relative to a rotating frame, 
973-984, 1015 
Plane motion of rigid bodies, 1039, 1074 
and d’Alembert’s principle, 
1029-1030, 1075 
energy and momentum methods, 
1080-1143 
forces and accelerations, 1024—1079 
in systems of rigid bodies, 1039 


Planes 
forces in, 16—45, 64—65 
of symmetry, 259, 261, 276-277 
Planes, of symmetry, 1331 
Planetary gears, 994 
Plastic impact, 823, 848 
Plates 
composite, 226-236 
homogeneous, 274 
multiple, 265 
thin, moments of inertia of, 515-516, 551 
Polar moment of inertia, 472, 475-477, 
479, 491 
Polygon rule, for the addition of 
vectors, 20 
Position coordinates, 682-683 
Position-time curve, 632 
Position, determining, 612 
Position vector velocity, and acceleration, 
603-606, 641-642, 682-684 
Position vectors, 81, 84, 147, 641, 
990, 1291 
Potential energy, 580, 594 
and equilibrium, 581 
Potential energy, 782-784, 788, 792, 845, 
1086, 1242-1244 
change in, 782, 786 
computing, 793 
constant, 846 
Potential functions, 784 
Power, 1087-1102, 1136 
average, 770 
defining, 1094 
and efficiency, 763-782, 845 
Precession of a gyroscope 
axis of, 1189 
steady, 1147, 1184-1188, 1190-1191, 1205 
Pressure, center of, 249 
Principal axes of inertia, 498-506, 
533-534, 549, 552, 1318, 
1322-1324 
Principal moments of inertia, 498-506, 
549, 1318-1320, 1322-1324 
Principal normal, 667 
Principle of conservation of angular 
momentum, 1106 
Principle of conservation of energy, 1094, 
1124, 1242-1244 
application of, 1240-1250, 1279 
maximum displacement of the 
system, 1241 
system passing through its equilibrium 
position, 1241 
Principle of impulse and momentum, 
806-808, 812, 830-831, 846-847, 
1122-1125, 1154, 1189 
application to the three-dimensional 
motion of a rigid body, 
1151-1152, 1202 
for the plane motion of a rigid body, 
1103-1105, 1136-1138 
for a system of particles, 874-884, 907 


Principle of transmissibility, 3, 74—77, 
146, 1030 
equivalent forces, 75-77, 146 
Principle of virtual work, 561-562, 592 
Principle of work and energy, 1088-1090 
applications of, 762-763, 845 
for a rigid body, 1082-1083, 1135 
Problems 
efficiency in solving, 324 
method of solution, 11-13 
statement of, 12 
Product of a scalar and a vector, 1290 
Products of inertia, 497-498, 
548-549, 552 
mass, 539-540 
Mohr’s circle for, 506-511, 549-550 
Projection of a vector on a given 
axis, 1293 
Projection, of a vector on an axis, 
95, 148 
Propellers, 893 
Prototype engine (XR-5M15), 854 
Pure bending, 473 
Pure science, 2 


Q 


Quadric surface, equation of, 1317 
Quadric surfaces, 533 
Queen Elizabeth 2 (ocean liner), 72-73 


R 


Radial and transverse components, 
668-681, 685 
in the curvilinear motion of particles, 
668-681, 685 
equations of motion in terms of, 
722-723, T47 
extension to the motion of a 
particle in space, cylindrical 
coordinates, 669 
Radius of gyration 
of a mass, 513, 550 
of an area, 476-482 
Railroad locomotive, 410-411 
Rate of change 
of angular momentum, 747, 1174, 1176 
of linear momentum, 694-695, 746 
Rate of change of a vector 
with respect to a fixed frame, 644-645, 
978, 990 
with respect to a rotating frame, 
971-973, 978, 1014 
Reactions at supports and connections 
equivalent to a force and a couple, 160 
equivalent to a force of unknown 
direction and magnitude, 160 
equivalent to a force with known line of 
action, 160 


Reactions—Cont. 
for a three-dimensional structure, 
189-209 
for a two-dimensional structure, 
160-161 
Rectangular components, 27, 32, 53, 
146-147 
equations of motion in terms of, 
698, 746 
resolution of a vector into, 1290 
of a force, unit vectors, 27-29, 64 
of a force in space, 45-48 
of the moment of a force, 83-93, 147 
of vector product, 1291 
of velocity and acceleration, 
645-646, 684 
Rectilinear motion of particles, 
603-640 
determination of the motion of a 
particle, 607-616, 682 
graphical solution of rectilinear motion 
problems, 630-631, 683 
motion of several particles, 618S—629, 683 
other graphical methods, 631-642 
position, velocity, and acceleration, 
603-606, 682 
uniform rectilinear motion, 616, 683 
uniformly accelerated rectilinear 
motion, 617-618, 683 
Reduction of a system of forces, 126-128, 
135-136, 150 
to a force-couple system, 149-150 
to a wrench, 128-145 
Reduction of the momenta of the particles 
of a rigid body, to a momentum 
vector and a couple, 1150 
Reference point, selecting, 1005 
Relative acceleration, 683, 977 
formula for, 963 
Relative motion, 417, 1165 
solving problems with, 705 
Relative velocity, 683-684, 826-827, 831, 
833, 848, 889, 1123 
formula for, 938 
Relativistic mechanics, 3 
Repose, angle of, 415 
Resistance, rolling, 441-449 
Resolution 
of a force into components, 21—27, 64 
of a given force into a force and a 
couple, 112-123 
of a system of forces to one force and 
one couple, 123-124, 149-150 
Resonance, 1252-1253 
Restitution, 821-822, 1119 
coefficient of, 754, 822-823, 1132 
period of, 821, 826, 1119-1121 
Resultant couples, 126 
Resultants, 16-17, 32, 35, 51, 74, 130, 
134-135 
moment, 124, 135 
of several coplanar forces, 65 
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Retrograde precession, 1188 
Revolution 
body of, 238-239 
surface of, 238-239 
Right-hand rule, 77, 1291-1292 
Right-handed triads, 77, 1291 
Rigid bodies in equivalent systems of 
forces, 72-155 
addition of couples, 111 
computer problems, 154-155 
equipollent systems of vectors, 125 
equivalent couples, 109-111, 149 
external and internal forces, 74-75 
further reduction of a system of forces, 
126-128, 150 
introduction, 74 
mechanics of, 2-3 
mixed triple product of three vectors, 
96-97, 148 
moment of a couple, 108, 149 
moment of a force about a given axis, 
97-107, 148 
moment of a force about a point, 
81-82, 147 


principle of transmissibility, equivalent 


forces, 75-77, 146 
projection of a vector on an axis, 148 


rectangular components of the moment 


of a force, 83-93, 147 
reduction of a system of forces to a 
force-couple system, 149-150 
reduction of a system of forces to a 
wrench, 128-145 
representing couples by vectors, 
111-112 
resolution of a given force into a force 
and a couple, 112-123 
resolution of a system of forces to one 
force and one couple, 123-124, 
149-150 
review problems, 151-153 
scalar product of two vectors, 
94-96, 147-148 
summary, 146-150 
Varignon’s theorem, 83 
vector product of two vectors, 
77-79, 146 
vector products expressed in terms of 
rectangular components, 
79-80, 146-147 
Rigid bodies. See Systems of rigid bodies 
Rigid trusses, 289, 306, 319 
River Tarn, 352-353 
Robotic arm, 1144-1145 
Rocketry, 864 
Rolling motion, 1053-1055, 1058-1059, 
1061-1062, 1075, 1084 
Rolling resistance, 441-449 
coefficient of, 441, 445 
Rotating frame, 1174 
rate of change of a vector with respect 
to, 971-973, 978, 1014 
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Rotation, 75 
Rotation about a fixed axis, 916-917, 
919-921, 1011 
angular velocity and angular 
acceleration, 1012 
defining, 916 
diagramming, 938, 963 
equations for, 925 
of a representative slab, 921, 1012 
of a rigid body, 925, 1168-1183 


tangential and normal components, 1012 


Rotations, 854, 932-933, 991, 1086. 
See also Center of rotation 
centroidal, 1030, 1054 
infinitesimal, 986 
noncentroidal, 1053-1054, 
1075, 1085 
uniform, 1054 


Ss 


Sag, 397, 399 
Sailboat, 156-157 
Satellites 
analyzing motion of, 740-741 
in circular orbit, 728 
in elliptic orbit, 728 
Scalar components, 28, 30, 45, 64 
Scalar function, gradient of, 785 
Scalar product of two vectors, 
1292-1293 
angle formed by two vectors, 1293 
expressed in terms of rectangular 
components, 1293 
projection of a vector on a given 
axis, 1293 
scalar products of unit vectors, 1292 
Scalar product, of two vectors, 94-96, 
101, 147-148 
Scalar quantities, 558, 757, 879 
Science, 2 
Screws 
self-locking, 431 
square-threaded, 430-439 
Second moment of inertia, of an area, 
472-474, 476 
Shearing force, 354-355 
diagrams, 365-373, 379-380 
in a beam, 363-365, 403-404 
SI units. See International System 
of Units 
Simple harmonic motion, 1222, 1278 
Simple pendulum, 1218-1228, 1279 
approximate solution, 1218 
exact solution, 1219-1228 
Simple trusses, 289, 345 
trusses made of several, 
305-315, 346 
Sliding motion, 1058-1059, 1084 
Sliding vectors, 18, 76 
Slippage, 451, 453-454 


Slugs, 746 
Smooth particles, assumption of, 824 
Solutions, outlining beforehand, 297 
Space, 2 
Space centrode, 948 
Space cone, 985 
Space diagrams, 36 
Space trusses, 294—304, 346 
Space, application to mechanics, 728, 
735-738, 749 
Spacecraft 
analyzing motion of, 740-741 
shuttle, 1144-1145 
Span, 362, 397 
Spring constant, 579 , 759 
Springs 
forces in, 579-580, 594 
work done by, 579 
Square-threaded screws, 430-439, 461 
Stability of equilibrium, 582-591, 594 
Static reactions, 1169 
Static-friction force, 412, 445, 460 
angle of, 415, 460 
coefficient of, 413, 421, 454, 460 
Statics of particles, 14—70 
computer problems, 69-70 
forces in a plane, 16-45, 64-65 
forces in space, 45-63, 65-66 
introduction, 16 
review problems, 67-68 
summary, 64-66 
Statically determinate trusses, 306, 310, 
319, 346 


Statically indeterminate reactions, 164-181, 


196, 211-212 
Statically indeterminate trusses, 
306, 310 
Steady-state motion, 1254, 1269 
Steady-state vibrations, 1252, 1263, 1281 
Steady stream of particles, 885-888, 908 
fan, 888 
fluid flowing through a pipe, 887 
fluid stream diverted by a vane, 887 
helicopter, 888 
jet engine, 887, 893 
Straight two-force members, internal 
forces in, 403 
Structures 
analysis of, 284-351 
containing multiforce members, 316, 
323-324 
Submerged surfaces, forces on, 
249-257, 276 
Sufficient conditions, 319 
Summary 
analysis of structures, 345-347 
distributed forces 
energy and momentum methods, 
843-848, 1135-1138 
centroids and centers of gravity, 
274-277 
moments of inertia, 547-552 


Summary—Cont. 

equilibrium of rigid bodies, 210-212 

forces in beams and cables, 403-405 

friction, 460—462 

kinematics of particles, 682-685 

kinematics of rigid bodies, 
1011-1017 

kinetics of rigid bodies in three 
dimensions, 1201-1205 

mechanical vibrations, 1277-1281 

method of virtual work, 592-594 

moments of inertia of masses, 
1330-1332 

rigid bodies, in equivalent systems of 
forces, 146-150 

Newton’s second law, 746-749 

statics of particles, 64-66 

systems of particles, 905-908 


Surfaces 


nonlubricated, 412 

of revolution, 238-239 

quadric, 533 

submerged, forces on, 249-257 
Symmetry, 539 

of the ellipse, 491 

planes of, 259, 261, 276-277 
planes of, 1331 

properties of, 1323 

System passing through its equilibrium 
position, in applying the 
principle of conservation of 
energy, 1241 


Systems of rigid bodies, 1085-1086, 
1106, 1136 
Systems of units, 5-10 
International System of Units 
(SI units), 5-8 
U.S. customary units, 9-10, 12 
Systems of units, 695-697, 721, 746 


T 


Tangential and normal components, 
665-667, 672, 685, 957, 1014 
of acceleration, 666 
equations of motion in terms of, 698 
motion of a particle in space, 
667, 685 
plane motion of a particle, 665-667 
in rotation about a fixed axis, 1012 
Tarn River Gorge, 352-353 
Tension, 346, 354-355, 383-385, 390 
maximum and minimum values 
of, 398 
Theorems 


of Pappus-Guldinus, 220, 238-247, 276 


parallel-axis, 483-484, 548 
Varignon’s, 83 
Thermal energy, 786 
Thin plates, moments of inertia of, 
515-516, 551, 1298-1299, 
1305-1306, 1331 
Three vectors, mixed triple product of, 


Translation, 914-919, 924, 932-933, 991, 
1011, 1030, 1039, 1086 
defining, 916 
diagramming, 938, 963 
Transmissibility, 1259, 1286 
principle of, 1030 
Transmissibility, principle of, 3, 74-77, 146 
Transverse components. See Radial and 
transverse components 
Triangle rule, 19, 24 
Triangular loads, 252 
Trigonometric solutions, 22-23, 30 
Triple integration, 261 
Triple products. See also Mixed triple 
product of three vectors 
vector, 920 
Trusses, 287-315, 345-346 
analysis of, 287-315, 345-346 
compound trusses, 305-306 
definition of a truss, 287-288 
Fink trusses, 305 
joints under special loading conditions, 
292-294 
rigid, 289, 306 
simple trusses, 289, 345 
space trusses, 294—304, 346 
trusses made of several simple trusses, 
305-315, 346 
Two vectors 
scalar product of, 94-96, 147-148 
vector product of, 77-79, 146 
Two-dimensional bodies, 158, 170 


96-97, 148 
Three-dimensional bodies, centers of 
gravity of, 258-260, 275-276 
Three-dimensional motion of a particle, 


Systems of forces, equipollent, 858, 862, 
886, 1029, 1074 

Systems of forces, equivalent, 125, 150 

Systems of particles, 854-913 


centers of gravity of, 220-221, 274 
Two-force bodies, 184, 345 


angular momentum about its mass 
center, 862-864, 906 

application of Newton’s laws to the 
motion, effective forces, 
856-859, 905 

computer problems, 912-913 

conservation of momentum for, 
864-872, 906 

introduction, 856 

kinetic energy of, 872-873, 906-907 

linear and angular momentum of, 
859-860, 905 

motion of the mass center of, 860-862, 
905-906 

principle of impulse and momentum 
for, 874—884, 907 

review problems, 909-911 

steady stream of particles, 
885-888, 908 

summary, 905-908 

systems gaining or losing mass, 
888-904, 908 

variable systems of particles, 
885, 908 

work-energy principle, conservation of 
energy for, 874, 907 


relative to a rotating frame, 
998-999, 1016-1017 
Three-dimensional space 
forces in, 65 
particles in, 59 
Three-force bodies, 183-184 
Thrust bearings, 441-442, 445 
Time, 2-3, 5 , 812 
Time constant, 1275 
Torsional vibrations, 1233 
Total energy, of a particle, 824 
Total mechanical energy, 786 
Total momentum, 808, 833 
conserving, 826, 847 
of a particle, 813 
Total work, 1093-1094 
Trains, tilting, 718 
Trajectories 
elliptic, 736-737, 740-741 
hyperbolic, 736-737, 740-741 
parabolic, 736-737, 740-741 
of a particle under a central 
force, 734 
Transient-free vibrations, 1280 
Transient vibrations, 1252, 1263 
Translation, 75 


U 


U.S. customary units, 9-10, 12 
Unbalance, 1055, 1062 
Unified approach, 1032 
Uniform motion, 608, 768 
Uniform rectilinear motion, 616, 
623, 683 

accelerated, 617-618, 623, 683 
niform rotation, 922, 1012, 1054 
accelerated, 922, 1012 

nit vectors, 28, 1290 

nits, systems of, 695-697, 721, 746 
nits 

consistent system of, 5 

customary (U.S.), 9-10, 12 
gravitational, 9 

of area and volume (SI units), 5—8 
of force, 10-11 

of length, 10 

of mass, 11 
Universal gravitation. See Newton’s laws 
Unknowns, 37, 159-162, 190, 211, 324, 

422, 812, 879, 1032, 1039 

impulses, 1157 

reducing number of, 1061 
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V 


Validity issues, 374 
Variable systems of particles, 885, 908 
Varignon’s theorem, 83, 110-111 
Vector algebra, useful definitions and 
properties of, 1289-1294 
addition of vectors, 934, 1289 
mixed triple product of three 
vectors, 1293 
moment of a force about a given axis, 
1293-1294 
moment of a force about a point, 
1291-1292 
product of a scalar and a vector, 1290 
scalar product of two vectors, 1292-1293 
subtraction of vectors, 893 
unit vectors, resolution of a vector into 
rectangular components, 1290 
vector product of two vectors, 
1290-1291 
Vector components, 28 
Vector functions, derivatives of, 
643-645, 684 
Vector products, 88 
expressed in terms of rectangular 
components, 79-80, 146-147 
of two vectors, 77-79, 146, 1290-1291 
of unit vectors, 1291 
Vector quantities, 64 
Vector tangents, 684 
Vector triple product, 920 
Vectors, 3, 17-18, 52 
addition of, 18—20 
components of, 1105 
coplanar, 20 
couple, 149 
equipollent systems of, 125 
fixed and free, 17-18, 108, 116 
linear momentum, 1104 
mixed triple product of three, 96-97, 148 
moments of, 1104 
negative, 1289 
position, 81, 84, 147, 641, 990, 1291 
representing couples by, 111-112 
sliding, 18, 76 
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Vectors—Cont. 
subtraction of, 19 
unit, 28 
Velocity, 936, 1289 
absolute, 948 
angular, 917, 920, 988-990, 1003, 
1154-1157 
average, 603-604 
determining, 612, 938, 951, 990-991 
escape, 693, 737-738, 749 
instantaneous, 604, 641-642 
of mass center, 1154 
in plane motion, absolute and relative, 
934-946, 1013 
relative, 683-684, 823, 826-827, 831, 
833, 848, 889, 1123 
Velocity-time curve, 632 
Vibrations 
in the Fundamentals of Engineering 
Examination, 1333 
mechanical, 1212-1287 
period of, 1278 
steady-state, 1252, 1263, 1281 
torsional, 1233 
transient, 1252, 1263 
Vibrations without damping, 1214-1260 
application of the principle of 
conservation of energy, 
1240-1250, 1279 
forced vibrations, 1250-1260, 
1279-1280 
free vibrations of particles, simple 
harmonic motion, 1214-1218, 
1277-1278 
free vibrations of rigid bodies, 
1228-1240, 1279 
simple pendulum, 1218-1228, 1279 
Virtual displacement, 561-563, 592 
Virtual work. See Method of virtual work 
Viscous damping, 1260, 1268, 1280 
coefficient of, 1261, 1268, 1281 
Volume, units of (SI), 5—8 
Volumes, 258-273 
center of gravity of a three-dimensional 
body, 258-260, 275-276 
centroids of, 258-260, 275-276 


Volumes—Cont. 
composite bodies, 261, 277 
determination of centroids of, by 
integration, 261-273, 277 


WwW 


Wedges, 429-430, 434 
Weight, 6, 812, 861, 1217, 1243 
work of, 593 
Wheel friction, rolling resistance, 442-449 
Wind turbines, 1024 
Wires 
composite, 226-236 
homogeneous, 274 
multiple, 265 
Work, 1088, 1090 
corresponding to displacement, 843 
of a couple, 1135 
defining, 756-758 
in the Fundamentals of Engineering 
Examination, 1333 
negative, 782 
total, 1093-1094 
Work, 558-559. See also Method of 
virtual work 
during a finite displacement, 578—579, 593 
of a force, 557-561 
of a weight, 593 
Work-energy principle, 769, 827, 874, 907 
Work of a force, 756-760, 843 
work of a constant force in rectilinear 
motion, 758, 769 
work of a gravitational force, 759-760, 
769, 843-844 
work of the force exerted by a spring, 
759, 769, 844 
work of the force of gravity, 758-759 
Wrench, 150 
pitch of, 134 


Z 


Zero-force members, 293-294 


Answers to Problems 


Answers to problems with a number set in straight type are given on this and the following pages. Answers to problems set 
in italic are not listed. 


CHAPTER 2 2.65 (a) 602 N Ss 46.8°. (b) 1365 N 2 46.8°. 
2.1 179 N SG 75.1°. 2.67 (a) 300 lb. (b) 300 lb. (c) 200 Ib. (d) 200 Ib. (e) 150.0 Ib. 
2.2 77.1 lb & 85.4°. 2.68 (b) 200 lb. (d) 150.0 lb. 
2.3 139.1 lb 2 67.0°. 2.69 (a) 1293 N. (b) 2220 N. 
2.5 (a) 76.1°. (b) 336 lb. 2.71 (a) +390 N, +614 N, +181.8 N. (b) 58.7°, 35.0°, 76.0°. 
2.7 (a) 37.1°. (b) 73.2 N. 2.72 (a) —130.1 N, +816 N, +357 N. (b) 98.3°, 25.0°, 66.6°. 
2.8 (a) 44.7 N. (b) 107.1 N. 2.73 (a) 288 N. (b) 67.5°, 30.0°, 108.7°. 
2.9 (a) 3660 N. (b) 3730 N. 2.74 (a) 100.0 N. (b) 112.5°, 30.0°, 108.7°. 
2.10 2600 N %G53.5°. 2.76 (a) 80.0 lb. (b) 104.5°, 30.0°, 64.3°. 
2.11 (a) 392 lb. (b) 346 lb. 2.77 (a) +56.4 lb, —103.9 lb, —20.5 Ib. (b) 62.0°, 150.0°, 99.8°. 
2.13 (a) 21.1 N J. (b) 45.3 N. 2.79 F = 570 N; 6, = 55.8°, 6, = 45.4°, 6. = 116.0°. 
2.14 (a) 368 lb =. (b) 213 lb. 2.81 (a) 118.2°. (b) F. = 36.0 lb, Fy = —90.0 Ib; F = 110.0 lb. 
2.15 77.1 lb & 85.4°. 2.82 (a) 114.4°. (b) Fy = 694 lb, F, = 855 lb; F = 1209 lb. 
2.16 139.1 lb 2 67.0°. 2.84 (a) F, = 194.0 N, F. = 108.0 N. (b) 4, = 105.1°, @. = 62.0°. 
2.17 3.30 kN S 66.6°. 2.85 +100.0 lb, +500 Ib, —125.0 lb. 
2.19 21.8 kN SS 86.6°. 2.86 +50.0 lb, +250 lb, +185.0 lb. 
2.21 (800 N) 640 N, 480 N; (424 N) —224 N, 2.87 +240 N, —255 N, +160.0 N. 
—360 N; (408 N) 192.0 N, —360 N. 2.89 —1125 N, +750 N, +450 N. 
2.22 (29 lb) 21.0 lb, 20.0 Ib: (50 Ib) —14.00 Ib, 2.91 515 N; 6, = 70.2°, i = 27.6°, 0, = 71.5°. 
48.0 lb: (51 Ib) 24.0 Ib, —45.0 lb. 2.92 515 N; 6, = 79.8°, 6, = 33.4°, 6, = 58.6°. 
2.23 (40 Ib) 20.0 Ib, —34.6 Ib; (50 lb) —38.3 Ib, —32.1 Ib: 2.94 913 lb; 0, = 50.6°, 6, = 117.6°, 6, = 51.8°. 
(60 Ib) 54.4 Ib, 25.4 Ib. 2.95 748 N;: 0, = 120.1°, 6, = 52.5°, 0. = 128.0°. 
2.25 (a) 523 lb. (b) 428 lb. 2.96 3120 N; 0, = 37.4°, 4, = 122.0°, 6, = 72.6°. 
2.26 (a) 2190 N. (b) 2060 N. 2.97 (a) 65.2 lb. (b) 208 Ib: 6, = 61.6°, 6, = 151.6°, 6. = 90.0°. 
2.27 (a) 194.9 N. (b) 153.6 N. 2.99 1031 Nf. 
2.30 (a) 610 Ib. (b) 500 lb. 2.101 926N fT. 
2.31 38.6 lb 2 36.6°. 2.103 2100 lb. 
2.32 251 N S&S 85.3°. 2.104 1868 lb. 
2.34 654 N SG 21.5°. 2.105 1049 lb. 
2.35 309 N & 86.6°. 2.107 960 N. 
2.36 226 N & 62.3°. 2.108 0= 0 <300N. 
2.37 203 lb 2 8.46°. 2.109 1572 lb. 
2.39 (a) 21.7°. (b) 229 N. 2.111 845 N. 
2.40 (a) 580.N. (b) 300 N. 2.112 768 N. 
2.42. (a) 56.3°. (b) 204 Ib. 2.113 Tyz = 842 Ib; Tac = 624 lb; Typ = 1088 lb. 
2.43 (a) 2.13 ks (b) 1.735 kN. 2.114 Typ = 29.5 lb; Tap = 10.25 Ib; Top = 29.5 Ib. 
2.45 (a) 305 N. (b) 514 N. 2.115 Taz = 510 N; Tac = 56.2 N; Typ = 536 N. 
2.47 (a) 1244 Ib. (b) 115.4 Ib. 2.116 Ty = 1340 N; Tac = 1025 N; Tap = 915 N. 
2.48 (a) 172.7 Ib. (b) 231 Ib. 2.117 Tp = 1431 N; Tyo = 1560 N; Typ = 183.0 N. 
2.49 Fy, = 1303 lb; Fz = 420 lb. 2.118 Ty, = 1249 N; Tac = 490 N; Tap = 1647 N. 
2.51 Fo = 6.40 kN: Fp = 4.80 kN. 2.121 P = 131.2 N; QO = 29.6N. 
2.52 Fr, = 15.00 kN; Fc = 8.00 kN. 2.123 378 N. 
2.53 (a) 52.0 lb. (b) 45.0 lb. 2.125 (a) 125.0 lb. (b) 45.0 lb. 
2.55 (a) 1213 N. (b) 166.3 N. 2.126 x = 13.42 in., z = 6.71 in. 
2.56 (a) 863 N. (b) 1216 N. 2.127 37.0°. 
2.57 (a) 784 .N. (b) 71.0°. 2.130 (a) 500 lb. (b) 544 Ib. 
2.59 (a) 60.0°. (b) 230 lb. 2.131 (a) 312 N. (b) 144.N. 
2.60 5.80 2.133 (a) 140.3°. (b) F, = 79.9 lb, F, = 120.1 lb; F = 226 lb. 
2.61 (a) ie . (b) 82.5°. 2.134 (a) —1861 Ib, +3360 Ib, +677 Ib. (b) 118.5°, 30.5°, 80.0°. 
2.62 (a) 1294 N. (b) 62.5°. 2.135 15.13 kN; 0, = 133.4°, 6, = 43.6°, 6. = 86.6°. 
2.63 (a) 10.98 lb. (b) 30.0 lb. 2.136 Typ = 500 N; Tac = 459 N; Tap = 516 N. 
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) 1155 N. (b) 1012 N. 

) (b) 20°; (c) 244 Ib. (2) (b) 
c) 163.2 lb. 

!) 1.001 m. (b) 4.01 kN. (c) 1.426 kN; 1.194 kN. 
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3.1 

3.2 

3.3 

3.4 

3.5 

3.7 

3.9 
3.10 
3.12 
3.13 
3.16 
3.17 
3.19 
3.21 
3.22 
3.24 
3.26 
3.27 
3.28 
3.30 
3.31 
3.32 
3.33 
3.35 
3.37 
3.39 
3.40 
3.41 
3.43 
3.44 
3.45 
3.46 
3.47 
3.48 
3.49 
3.50 
3.51 
3.53 
3.55 
3.56 
3.57 
3.58 
3.59 
3.61 
3.65 
3.66 
3.68 
3.69 
3.70 
3.71 
3.72 
3.75 
3.76 
3.77 
3.78 
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1.277 N+ m4. 

1.277 N+ m4. 

(a) 41.7 N+ m%. (b) 147.4 N & 45.0°. 

(a) 41.7 N- m5. (b) 176.8 N 47 58.0°. 

186.6 lb - in. ). 

6.12° or 33.8°. 

(a) 760 N - m5, (b) 760 N+ m}. 

1224 N. 

116.2 Ib = ft 5. 

128.2 Ib - ft 5. 

2.21 m. 

(a) 41.0. (b) 26.9. 

(a) -lli + 22) + 22k. (b) 0. (c) —45i + 305 - 10k. 
(7.50 N - m)i — (6.00 N - m)j — (10.39 N - m)k. 
(3080 N - m)i — (2070 N - m)k. 

—(153.0 Ib - ft)i + (63.0 lb - ft)j + (215 lb - ft)k. 
(492 lb - ft)i + (144.0 Ib - ft)j — (372 lb - ft)k. 
4.58 m. 

3.70 m. 

57.0 in. 

1.564 m. 

3.29 m. 

4.86 ft. 
P-Q=1LP:S 
OTA. 

43.6°. 

38.9°. 

(a) 59.0°. (b) 648 N. 
(a) 71.1°. (b) 0.973 lb. 
12.00 in. 

(a) 67. (b) 111. 

ve 

M, = —31.2 N+ m; M, 
M, = -25.6N-m; M, 
1.252 m. 

1.256 m. 

61.5 lb. 

ob = 24.6°; d = 34.6 in. 
—90.0N-m 
-111O0N-m 

2.28 N-m. 
—9.50N-m 

aP/V2. 

1359 lb - in 

0.249 m. 

0.1198 m. 

30.4 in. 

43.5 in. 

(a) 12.39 N- my. (b) 12.39N +m). (¢) 12.39N- m). 
(a) 336 Ib - in. ). (b) 28.0 in. (c) 54.0°. 

(a) 75.0 N. (b) 71.2.N. (c) 45.0 N. 

M = 10.00 lb - ft; 6, = 90.0°, 6, = 143.1°, 6. = 126.9°. 
M = 9.21 N - m; 0, = 77.99, 6, = 12.05°, 6. = 90.0°. 
M = 604 bb - in.; 0, = 72.8°, 6, = 27.3°, 6, = 110.5°. 
M = 1170 |b: in; 6, = 81.2°, 6, = 13.70°, 6. = 100.4°. 


11;Q+S8 = 10. 


= 13.20N- 
= 10.80N- 


—10°; (c) 467 Ib. (3) (b) 10°; 


m; M, = —242N-m 
m; M, = 40.6N:-m 


3.79 
3.80 
3.81 
3.82 
3.83 
3.85 
3.87 
3.88 
3.89 
3.90 


3.93 
3.94 


3.95 


3.97 


3.98 


3.99 


3.101 


3.102 
3.104 
3.105 
3.106 
3.108 
3.109 


3.110 
3.111 


3.112 
3.113 
3.115 
3.116 
3.118 
3.119 
3.120 


3.121 


3.122 


M = 10.92 N - m; 0, = 97.8°, 6, = 34.5°, 6. = 56.7°. 
M = 2860 N - m; 6, = 113.0°, 6, = 92.7°, 6, = 23.2°. 
(a) F = 560 lb SG 20.0°; M = 7720 lb - ft J. 

(b = 560 lb SG 20.0°; M = 4290 lb - ft J. 

(a = 160.0 lb 4 60.0°; M = 334 lb - ft 5. 

(b = 20.0 lb t; Fp = 143.0 Ib 22 56.0°. 

(a = 80.0 N —; Mz = 4.00 N- m4. 

(b 


(a —_ = 250 N % 60.0 Mz = 75.0N+m). 
(b = 375 N & 60.0°; Fz = 625 N SG 60.0°. 
(a —(600 N)k; d = 90.0mm below ED. 


)F 

)F 

)F 

)F 

) Fc = 100.0 N |; Fp = 100.0 Nf. 
) 

) Fa 

)F= 

) F = —(600 N)k; 

227 I 


(b ;d = 90.0mm above ED. 

F 00 bse = 500 c0m, 

(0. Ib)i + (0.1057 Ib)k; 63.6 in. to the right of B. 

(a) F = 48.0 lb 2 65.0°; M = 490 lb - in. J. 

(b) F = 48.0 lb & 65.0°: 17.78 in. to the left of B. 

F = —(1220 N)i; M = (73.2 N - m)j — (122.0 N- m)k. 

Fo = (5.00 N)i + (150.0 N)j — (90.0 N)k; 

Mc = (774N-m)i+ (61.5N- m)j + (106.8 N - m)k. 

F = —(128.0 lb)i — (256 Ib)j + (32.0 Ib)k; 

M = (4.10 kip - fi + (16.38 kip « fd)k. 

F = —(122.9 N)j — (86.0 N)k: 

M = (22.6 N- m)i + (15.49 N - m)j — (22.1 N - m)k. 

ta) 18 135.0 mm. (b) Fy = (42.0 N)i + (42.0 N)j — (49.0 N)k; 

Mz = —(25.9N- m)i+ (21.2N - m)j. 

F= (36. 0 Ib)i — (28.0 Ib)j — (6.00 Ib)k; 

M = —(157.0 lb - ft)i + (22.5 Ib - ft)j — (240 lb - ft)k. 

(a) Loading a: R = 600 N |; M = 1000 N- m4. 
Loading b: R = 600 N |;M = 900N- m). 
Loading c: R = 600 N |; M = 900 N+ m\. 
Loading d: R = 400 N f;M = 900 N- m4. 
Loading e: R = 600 N |; M = 200N- m). 
Loading f: R = 600 N |; M = 800 N- m}. 
Loading g:R = 1000 N J;:M = 1000N-m ‘. 
Loading h: R = 600 N |; M = 900N-m%. 

(b) Loadings c and h. 

Loading f- 

Force-couple system at D. 

(a) 2.00 ft to the right of C. (b) 2.31 ft to the right of C. 

(a) 39.6 in. to the right of D. (b) 33.1 in. 

R = 72.4 lb SG 81.9°; M = 206 bb - ft. 

(a) 34.0 Ib Sx 28.0°. (b) AB: 11.64 in. to the left of B; 

BC: 6.20 in. below B. 

(a) 48.2 lb - in. 5. (b) 240 Ib - in. 5. (c) 0 

(a) 1562 N Ss 50.2°. (b) 250 mm to the right of C and 

300 mm above C. 

(a) 1308 N & 66.6°. (b) 412 mm to the right of A and 

250 mm to the right of C. 

773 lb & 79.0°; 9.54 ft to the right of A. 

(a) 0.365 m above G. (b) 0.227 m to the right of G. 

(a) 0.299 m above G. (b) 0.259 m to the right of G. 

a R= FH tan (a?/2bx); 
= 2Fb?(x — x°/a?)/Vai + 4b°x? 5. ( 

2 = —(420 N)i — (50.0 N)j — (250 a 
= (30.8 N - mj — (22.0 N- m)k. 

R = —(420 N)j — (339 N)k; 

M = (1.125 N- m)ji + (163.9N 

(a) B = (2.50 lb)i; 

C = (0.1000 lb)i — (2.47 Ib)j — (0.700 Ib)k. 

(b) R, = 2.47 Ib; M, = 1.360 Ib « ft. 

A = (1.600 lb)i — (36.0 Ib)j + (2.00 Ib)k; 

B = —(9.60 lb)i + (36.0 Ib)j + (2.00 Ib)k. 


b) 0.369 m. 


-m)j — (109.9 N - m)k. 


3.124 


3.125 


3.127 
3.128 
3.129 
3.130 
3.133 


3.134 
3.136 
3.137 
3.140 
3.141 
3.143 
3.147 
3.148 
3.149 
3.151 
3.153 
3.155 


3.156 


3.157 


3.C3 


3.C4 


3.C6 


(a) R = —(28.4 N)j — (50.0 N)k; 

M = (8.56 N - m)i — (24.0 N - m)j + (2.13 N+ mk. 
(b) orn: 

i 1) R = —(28.4 N)j — (50.0 N)k; 


= 49.4 N-m)i — (24.0N- m)j + 
ie Counterclockwise. 
1035 N; 2.57 m from OG and 3.05 m from OE. 
2.32 m from OG and 1.165 m from OE. 
405 Ib; 12.60 ft to the right of AB and 2 
a = 0.722 ft; b = 20.6 ft. 
(a) PV3; 6, = 0, = 0, = 547°, (b) —a. (c) Axis of the wrench 
is diagonal OA. 
(a) P; 0, = 90.0°, 6, = 90.0°, 6. = 0. (b) 5a/2. (c 
wrench is parallel to the z axis atx = a, y = —a. 
(a) —(21.0 Ib)j. (b) 0.571 in. (c) Axis of wrench is parallel to 
the y axis at x = 0, = 1.667 in. 
(a) —(84.0 N)j — (80.0 N)k. (b) 0.477 m. 
(c) x = 0.526 m, z = —0.1857 m. 
(a) 3P(2i — 20) — k)/25. (b) —0.0988a. 
(c) x = 2.00a, z = —1.990a. 
R = (20.0 N)i + (30.0 N)j — (10.00 N)k; 
y = —0.540 m, z = —0.420 m. 


(2.13 N - m)k. 


.94 ft below BC. 


>) Axis of 


F, = (M/b)i + RIL + (a/b)|k; Fz = —(M/b)i — (aR/b)k 
(a) 196.2 N - m J. (b) 199.0 N SS 59.5°. 

42.0 N+ m4, 

—(25.4 lb - ft)i — (12.60 lb - ft)j — (12.60 lb - ft)k. 

283 lb. 


(a) 151.2 lb = in. 5. (b) 67.2 Ib - 
F = -(28.5 N)j + (106.3 N)k; 
M = (12.35 N - m)i — (19.16 N - m)j — (5.13 N - m)k. 
(a) 665 lb 2 79.6°; 64.9 in. to the right of A. (b) 22.99. 
(a) Fz = —(80.0 N)k: Fc = —(30.0 N)i + (40.0 N)k. 
(b) R, = 0; R, = —40.0.N. (c) When the slot is vertical. 
4 sides: B = 10°, a = 44.1° 

B = 20°, a = 416°; 

B = 30°, a = 37.8°. 
6 = O0rev: M = 97.0N-m 
6=6rev: M=63.3N-m 
6 = 12rev: M=9.17N-m 
dp = 36.0 in.; dgp = 9.00 in.; din 


in. ‘. 


= 58.3 in. 


CHAPTER 4 


4.1 
4.2 
4.3 
4.4 
4.5 
4.6 
49 
4.11 
4.12 
4.14 
4.15 
4.17 


4.18 § 


4.19 
4.21 


4.23 


(a) 325 Ib f. (b) 1175 lb f. 

42.0 N 4 

0.264 m 

(a) 245 Ib. ft. (b) 140.0 Ib. 

(a) 6.07 KN f. (b) 4.23 KN f. 

(a) 4.89 KN . (b) 3.69 KN f. 

150.0 mm Sd S 400 mm. 

6.00 kips = P = 42.0 kips. 

3.50 kN = P <= 86.0 kN. 

2.00 in. S a = 10.00 in. 

: ) For = 600 N. (b) C = 1253 N & 69.8°. 
80.0 lb J. (b) 216 Ib 2 22.0°. 


a) 2.00 kN. (b) 2.32 kN 2 46.4°. 
a) A = 150.0 N 2 30.0°; B = 150.0 N Ss 30.0°. 
b) A = 433 N SG 12.55°; B = 488 N Ss 30.0°. 
) A = 447 lb Ss 26.6°; B = 30.0 lb. 
) A = 30.2 lb Ss 41.4°; B = 34.6 lb Ss 60.0°. 


4.24 


4.26 
4.27 
4.28 
4.29 
4.30 
4.33 
4.34 
4.35 
4.36 
4.37 
4.38 
4.41 
4.42 
4.43 


4,44 
4.46 
4.47 


4.49 
4.50 
4.51 
4,52 
4.53 
4.54 
4.57 
4.58 
4.59 


4.61 
4.62 


4.66 B 


4.67 
4.69 
4.70 
4.7 
4.74 
4.75 
4.77 
4.80 
4.81 
4.82 
4.83 
4.84 
4.85 
4.87 
4.88 
4.90 


324 N. ) 270 N >. 

400 N. (b) C = 458 N 4 49.1°. 

375 Ib (b) 1584 lb SX 45.0°. 

T = 80.0 N; C = 89.4 N & 26.6°. 

is 2P/3; C = 0.577P >. 
= 0.586P; C = 0.414P >. 

A = 69.3 lb =; B = 34.6 lb SG 60.0°; C = 173.2 lb S&S 60.0°. 

Tap = 50.0 lb; A = 18.75 lb 3; D = 18.75 lb — 

(a) 1432.N. (b) 1100 N f. (c) 1400 N <. 

Tap = 3230 N: Top = 960 7 D = 3750Ne. 

T = 80.0 N; A = 160.0 N SG 30.0°; C = 160.0 N & 30.0°. 

T = 69.3 N; A = 140.0 N SG 30.0°; C = 180.0 N S& 30.0°. 

(a) A = 78.5 N; Ma= 125.6 N- m%. 

(b) A = 111.0 N 4 45.0°: My = 125.6N +m. 

(c) A = 157.0 N17; My = 251 N- m5, 

C = 7.07 lb Sx 45.0°; Mg = 43.0 lb - in. ). 

A = 1848 N & 82.6°; My = 1431 N- m ). 

(a) D = 20.0 Ib |; Mp = 20.0 lb - ft ‘. 

(b) D = 10.00 Ib |; Mp = 30.0 lb - ft ds 

C = 1951 N & 88.5°; Mc = 75.0 N - m J. 

1.232kN =T S17 ese 

a) 0 = 2 sin |'(W/2P). (b) 0 = 29.0°. 

a) T = 3W/(1 — tan (b) 0 = 39.8°. 

(a) sin 8 + cos 0 = (b) 17.11° and 72.9°. 

(a) cos? @ = a(P + Q)/PI. (b) 40.6°. 

141.1° 

(a) (1 — cos @) tan @ = W/2kl. (b) 49.79. 

(1) completely constrained; determinate; A = C = 196.2 N f. 

(2) completely constrained; determinate; B = 0, C = D = 
196.2 N 4. 

(3) completely constrained; indeterminate; A, = 294 N >; 
D, = 294 Ne. 

(4) improperly constrained; indeterminate; no equilibrium. 


ee 


(5) partially constrained; determinate; equilibrium; 
C = D = 196.2N?. 

(6) completely constrained; determinate; B = 294 N —, 
D=491N%53.1° 

(7) partially constrained; no equilibrium. 

(8) completely constrained; indeterminate; B = 196.2 Nf, 
D, = 196.27. 

A = 400 N f; B = 500 N SG 53.1°. 

a = 138.6 mm. 

= 888 N SS 41.3°; D = 943 N & 45.0°. 

B = 1001 N & 48.2°; D = 943 N SG 45.0°. 

(a) 499 N. (b) 457 N Sx 26.6°. 

(a) 998 N. (b) 822 N 2 5.72°. 

A = 37.1 lb 2 62.4°; T = 18.57 lb. 

(a) 24.9 Ib & 30.0°. (b) 15.34 lb 2 30.0°. 

T = 100.0 lb; B = 111.1 Ib % 30.3°. 

A = 170.0 N & 33.9°; C = 160.0 N & 28.1°. 

(a) Fap = 400 N. (b) C = 458 N 2.49.1°. 

(a) 2P Ss 60.0°. (b) 1.239P SG 36.2°. 

(a) 1.155P Sx 30.0°. (b) 1.086P 4 22.9°. 

60.0 mm. 

tan 0 = 2 tan B. 

(a) 49.1°. (b) A = 45.3 N —: B = 90.6 N 4 60.0°. 

(a) 12.91 in. (b) 11.62 Ib. (c) 5.92 lb. 

32.5", 

(a) 59.4°. (b) A = 8.45 Ib >; B = 13.09 Ib & 49.8°. 
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491 


4.92 
4.93 
4.94 


4.97 
4.98 
4.99 
4.100 
4.101 
4.102 
4.105 
4.106 


4.107 
4.108 
4.109 
4.110 


4.113 
4.114 


4.117 
4.118 
4.119 
4.120 
4.121 
4.122 
4.125 
4.126 
4.127 
4.128 
4.129 
4.130 
4.133 
4.134 
4.135 
4.136 
4.137 
4.138 
4.139 
4.142 
4.143 
4.145 
4.146 


4.148 
4.150 
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A = (22.9 lb)i + (8.50 Ib)j; B = (22.9 lb)i + (25.5 Ib)j; 

C = —(45.8 lb)i. 

A = (56.0 N)j + (18.00 N)k; D = (24.0 N)j + (42.0 N)k. 
A = (56.0 N)j + (14.40 N)k; D = (24.0 Ny} + (33.6 N)k. 
(a) 37.5 lb. (b) B = (33.8 lb)j — (70.0 Ib)k; 


D = (33.8 Ib)j + (28.0 Ib)k. 

(a) 121.9 N. (b) —46.2.N. (c) 100.9 N. 

(a) 95.6 N. (b) —7.36.N. (c) 88.3 N. 

T, = 30.0 Ib; Tz = 10.00 Ib; Tc = 40.0 Ib. 

(Wp) min = 40.0 Ib; x = 0 in.; z = 30.0 in. 

T, = 93.5 N; To = 11.77 N; Ty = 105.9 N. 

@ 0.480 m. (b) Ty = 23.5 N; To = 0; Tp = LIZ. N. 

= Tz = 1100 Ib; A = (1200 Ib)i — (560 Ib)j. 

ie = 2.60 kN; Typ = 2.80 kN; C = (1.800 kN)j + 

(4.80 kN)k. 

Tap = 5.20 kN; Typ = 5.60 kN; C = 

a) Tor = Tpr = 262 lb. (b) A = —(801 lb)i + 

a) Top = Tcr = 3.96 KN. by A = (6.67 kN)i + 
) Top = 0.954 kN: Ter = 5.90 KN. 

b) A = (5.77 kN)i + (1.443 kN)j — (0.833 kN)k. 

a) 101.6 N. (b) A = —(26.3 N)i; B = (98.1 N)j. 
) 
6.7 
) 


(9.60 kN)k. 


a) 462 N. (b) C = —(336 Nj + (467 N)k; D = 

66.7 N)k. 

a) 49.5 |b. (b) A = —(12.00 Ib)i + 
= (15.00 Ib)j + (34.0 Ib)k. 

GC 118.8 lb. (b) A = (93.8 Ib)i + 

B = (15.00 lb)j — (8.33 Ib)k. 

(a) 462 N. (b) C = (169.1 N)j + (400 N)k; 

Mc = (20.0 N - m)j + (151.5 N- mk. 

(a) 49.5 Ib. (b) A = —(12.00 lb)i + (37.5 Ib)j + 

M, = —(1020 lb - in.)j + (450 Ib - in.)k. 

(a) 5.00 lb. (b) C = —(5.00 lb)i + 

Mc< = (8.00 lb - in.)j — (12.00 lb - in.)k. 

Tor = 200 N; Tyr = 450 N; A = (160.0 N)i + 

M, = —(16.20 N+ mi. 

Tgp = 975 N: Top = 600 N; Tyg = 625 N; A = 

(175.0 N)j — (375 N)k. 

Tap = 1950 N: Top = 0: Tyg = 1250 N; A = 

(750 N)k. 

A = (120.0 lb)j — (150.0 Ib)k; B = 

C = —(180.0 Ib)i + (120.0 Ib)j. 

A = (20.0 Ib)j + (25.0 Ib)k; B = 

C = —(30.0 Ib)i — (20.0 Ib)j. 

B = (60.0 N)k; C = (30.0 N)j — (16.00 N)k; 

D = —(30.0 Nj + (4.00 N)k. 

B = (60.0 N)k; C = —(16.00 N)k; D = 

85.3 lb. 

181.7 lb. 

373 N 

301 N 

45.0 Ib)j 

a) x = 4.00 ft; y = 8.00 ft. (b) 10.73 Ib. 

a) x = 0 ft; y = 16.00 ft. (b) 11.31 lb. 

a) 37.9 N f. (b) 373 Nf. 

) A = 225 N 1%; C = 641 N ©& 20.6°. 

) A 

) 


( 
( 
(a 
( 
( 
( 
( 
‘ 


(22.5 Ib)j + (70.8 Ib)k; 


(180.0 Ib)i + 


(30.0 lb)i — (25.0 Ib)k: 


(4.00 N)k. 


( 
( 
( 
( 
(a 
U 


= 365 N & 60.0°; B = 844 N & 22.0°. 
(a) 130.0 N, (b) 224 N & 2.05°. 
C = 7.97 lb >; D = 42.6 lb —; E 


D 


= 69.3 lb 2 60.0°. 


A = 63.6 lb SG 45.0°; © = 87.5 Ib SS 59.0°. 
Tgp = 780 N; Tgp = 390 N; A = —(195.0 N)i + 
(1170 N)j + (130.0 N)k. 


(1544 Ib)j. 
(1.667 kN)j. 


(505 N)j — 


(22.5 lb)j — (4.00 Ib)k; 


(30.0 Ib)k; 
(6.00 lb)j — (5.00 Ib)k; 
(270 N)k; 
(2100 N)i + 
(3000 N)i — 


(150.0 Ib)k; 


4.152 Try = = 0: Tpy = 60.0 lb; Tgc = 80.0 lb; A = (100.0 Ib)i — 
han 0 Ib)k. 
4.153 (a) A = 0.745P 2 63.4°; C = 0.471P SS 45.0°. 
(b a = 0.812P 4 60.0°; C = 0.503P & 36.2°. 
(c) A = 0.448P SS 60.0°; C = 0.652P & 69.9°. 
(d) improperly constrained; no equilibrium. 
4.Cl 6 = 20°: T = 1148 lb; 6 = 70°: T = 127.7 lb; 
Tax = 132.2 Ib at 6 = 50.4°. 
4.C2 x = 600 mm: P = 31.4 N; x = 150 mm: P = 37.7 N; 
Pinax = 47.2 N at x = 283 mm. 
4.C3 6 = 30°: W = 9.66 lb: 6 = 60°: W = 36.6 lb; 
W = 5 bb at @ = 22.9° [Also at 8 = 175.7°]. 
4.C4 6 = 30°: W = 0.80 lb; 6 = 60°: W = 4.57 lb: 
W = 5 lb at 6 = 62.6° [Also at 0 = 159.6°]. 
AC5 0 = 30°: m = 7.09 kg; 6 = 60°: m = 11.02 kg. 
When m = 10 kg, 6 = 51.0°. 
4.C6 6 = 15°: Tgp = 10.30 kN, Tgp = 21.7 kN; 
6 = 30° Tap = 5.69 KN, Tap = 24.4 kN; 
Tay = 26.5 kN at 0 = 36.9°. 
CHAPTER 5 
5.1 X = 175.6 mm, Y = 94.4 mm. 
5.2 X = 16.21 mm, Y = 31.9 mm. 
5.3 X = 19.28 in., Y = 6.94 in. 
5.4 X = 5.67in., Y = 5.17 in. 
5.5 X = 7.22 in., Y = 9.56 in. 
5.6 X = 92.0 mm, Y = 23.3 mm. 
5.9 X = —10.00 mm, Y = 87.5 mm. 
5.10 X = —9.89 mm, Y = —10.67 mm 
5.11 X = 0, Y = 6.45 in. 
5.12 X = 50.5 mm, Y = 19.34 mm. 
5.14 X=Y = 9.00 in. 
= 2/r3—1r1\( 2cosa 
ee ae - je = 7 
= ry + 1 
5.17 Y= cos @ 
7 — 2a 
5.18 a/b = 4/5 
5.20 459N 
5.21 (Q,)1 = 25.0 in®; (Q,)2 = —25.0 in’. 
5.22 (Q,), = 23.3 in®; (Ojo = —23.3 in’. 
5.24 X = 172.5 mm, z = 97.5 mm 
5.26 X = 18.45 in., Y = 6.48 in. 
5.28 (a) T = 5.09 lb. (b) C = 9.48 lb SS _57.5°. 
5.29 0.739 m 
5.30 L = 0.204 m or 0.943 m 
5.32 (a) h = 0.513a. (b) h = 0.691a 
5.34 x = 2/3a,y = gh. 
5.35 x = a/2,y = 2h/5. 
5.37 x = 2a/3(4 — 7), y = 2b/3(4 — 7) 
5.39 x = a(3 — 4 sin a)/6(1 — a), y = 0. 
5.40 x = a/4, y = 3b/10. 
5.41 x = 5a/8, y = b/3. 
5.42 x = 5L/4, y = 334/40. 
5.44 x =a,y = 17b/35. 
5.45 2/5a 
5.46 —-2\/2r/37. 
5.48 x = 0.236L, y = 0.454a. 
5.49 x = —9.27a, y = 3.09a. 
5.50 x = 1.629 in. »Yy = 0.1853 in. 
5.51 a = 1.901 in. or 3.74 in. 


5.52 (a) V = 6.19 X 10° mm°; A = 458 X 10° mm”. 5.122 (x), = 2la/88: (x). = 270/40. 
(b) V = 16.88 X 10° mm’; A = L171 x 10° mm?. 5.123 (x), = 21h/88; (¥)> = 27h/40. 
5.53 (a) V = 308 X 10° mm”; A = 38.2 X 10° mm”. 5.124 (x), = 2h/9; (x), = 2h/3. 
(b) V = 177.2 X 10° mm®; A = 22.4 X 10° mm”. 5.125 x =h/6; 
5.54 (a) V = 169.0 X 10° in®; A = 28.4 X 10° in?. 5.128 x= 
(b) V = 88.9 X 10° in’; A = 15.48 X 10° in 5.129 x= 
5.56 V = 3470 mm; A = 2320 mm’. 5.132 (a) x 
5.58 V = 0.0900 in’. (b) ¥ 
5.59 V = 31.9 liters. 5.133 V= 
5.61 m = 0.0305 kg. 5.134 x= 
5.63 22.0 gallons 5.136 += 
5.64 66.5% 5.137 X = 19.27 mm, Y = 26.6 mm. 
5.66 (a) R = 1215 Ib), ¥ = 4.33 ft. 5.138 X = 3.20 in., Y = 2.00 in. 
) A = 630 Ib T; B = 585 lb t 5.140 x = a/2, 4 = 3h/5. 
5.67 (a) R = 2400 N J, 2.33 m to the right of A. 5.141 x = 3a/8, 4 =b. 
(b) A = 1000 N f; B = 1400 Nf. 5.143 A= 13 Ny B = 1850 Nf. 
5.68 A = 32.0 kN; My = 124.0kN- m4. 5.146 (a) x = 0.5481. ) ) h/L = 2V3. 
5.69 B = 1360 lb 7; C = 2360 lb f. 5.147 X = 0.1402 m, Y = 0.0944 m, Z = 0.0959 m. 
5.71 A= 480 Nf; B = 840N J. 5.148 ea ek 
5.73 A = 3000 Nf; My = 12.60 kN - m4. 5.C1_ (b) A = 1220 lb t; B = 1830 lb. 
5.74 (a) a = 0.536 m. (b) A = B = 761 Nf. (c) A = 1265 Ib t; B = 1601 bf. 
5.76 B= 150.0 Ib T; € = 5250 lb f. 5.C2 (a) X = 0, Y = 0.278 m, Z = 0.0878 m. 
5.77 (a) wo = 100.0 lb/ft. (b) C = 4950 tb f. (b) X = 0.0487 mm, Y = 0.1265 mm, Z = 0.0997 mm. 
5.78 wa = 10.00 kN/m; wg = 50.0 kN/m. (c) X = —0.0372 m, Y = 0.1659 m, Z = 0.1043 m. 
5.80 (a) H = 254 kN >; V = 831 KN f. 5.C3 d = 1.00 m: F = 5.66 kN “S30°; 
(b) x = 3.25 m to the right of A. d = 3.00 m: F = 49.9 kN % 277°. 
(c) R = 268 kN & 18.43°. 5.C4 (a) X = 5.80 in., Y = 1.492 in. (b) X = 9.11 in., Y = 2.78 in. 
5.81 (a) H = 13.76 kips >; V = 113.0 kips ¢ (c) X = 8.49 in., Y = 0.375 in. 
(b) 22.4 ft to the right of A 5.C5 With n = 40: (a) X = 60.2 mm, Y = 23.4 mm. 
(c) R = 25.6 kips & 57.5°. (b) X = 60.2 mm, Y = 146.2 mm. 
5.82 te 2.64 m. (c) X = 68.7 mm. Y = 20.4 mm. 
5.83 T = 67.2kN —; A= 141.2 kN <. (d) X = 68.7 mm, Y = 127.8 mm. 
5.84 r = 3.70 kips f. 5.C6 With n = 40: (a) X = 60.0 mm, Y = 24.0 mm. 
5.85 d= 5.88 ft. (b) X = 60.0 mm, Y = 150.0 mm. 
5.88 A= 1197 N X.53.1°:B = ISIINS53.1°. ey X = 686 mm, ¥ = 918 mm, 
5.89 T = 3570 N. (d) X = 68.6 mm, Y = 136.1 mm. 
5.90 T = 208 lb 5.C7 (a) V = 628 ft®. 
5.91 d = 6.00 ft. (b) X = 8.65 ft, Y = —4.53 ft, Z = 9.27 ft. 
5.93 d= 0.683 m 
5.94 h = 0.0711 m 
5.96 (a) b/10 to the left of base of cone. CHAPTER 6 
(b) 0.01136b to the right of base of cone. 6.1 Faz = 52.0 kN T: Fac = 64.0 kN T: Fpc = 80.0 kN C. 
5.97 Y = —(2h? — 3b?)/2(4h — 3b). 6.2 Fxg = 375 lb C; Fyc = 780 lb C; Fgg = 300 lb T. 
5.98 Z = —a(4h — 2b)/a(4h — 3b). 6.3. Fay = 4.00 kN C; Fac = 2.72 kN T; Fc = 2.40 kN C. 
5.99 (a) Y = —0.402a. (b) h/a = 2/5 or 2/3. 6.5 Fay = Feo = 31.5 kips T; Fyn = 35.7 kips C; 
5.100 X = 46.8 mm. Fp = 10.80 kips C; Fep = 33.3 kips C. 
5.101 Z = 26.2 mm. 6.6 Fy = Fpp = 0; Fac = 675 N T; Fap = 1125 NC; 
5.103 Y = —0.1403 in. Fop = 900 N T; Fer = 2025 N T: For = 2250 N C; 
5.104 Z = 3.47 in. Fpp = 675 N C; Fer = 1800 N T. 
5.106 X = 0.295 m, Y = 0.423 m, Z = 1.703 m. 6.7 Faz = 15.90 kN C; Fac = 13.50 kN T; Fac = 16.80 kN C; 
5.107 X = 125.0 mm, ne = = 167. 0mm, Z = 33.5 mm. Fp = 13.50 kN C; Fep = 15.90 kN T. 
5.108 X = Z = 4.21 in, Y = 7.03 in. 6.9 Fy, = 47.2 kN C; Fyc = 44.6 kN T: Fy = 10.50 kN C; 
5.110 X = 46.5 mm, Y = ee mm, Z = 30.0 mm Fgp = 47.2 kN C; Fep = 17.50 KN T; Fog = 30.6 kN T; 
5.111 X = 17.00 in., Y = 15.68 in., Z = 14.16 in. Fog = 0. 
5.112 X = 180.2 mm, cs = 38.0 mm, Z = 193.5 mm. 6.10 Fyg = Fy, = 12.31 kN C; Fac = Foy = 11.25 kN T; Fyc = 
5.114 X = 0.1452 m, Y = 0.396 m, Z = 0.370 m. Fon = 2.46 kN C; Fgp = For = Fer = Fry = 9.85 kN C; 
5.115 X = 0.410 m, - = 0,510 m, Z = 0.1500 m. Fop = Fro = 2.00 kN C; For = Freq = 3.75 kN T: 
5.117 X = 1.750 ft, Y = 4.14 ft, Z = 1.355 ft. Foo = 6.75 kN T. 
5.118 X = 61.6 mm from the end of the handle. 6.11) Fug = Fry = 1500 lb C; Fac = For = Frc = Fen 
5.119 Y = 0.526 in. above the base. 1200 lb T:; Fgc = Fre = 0; Fgp = Fpr = 1000 lb C; 
5.121 Y = 421 mm. above the floor. F gp = Fer = 500 lb C; Fog = 600 lb T. 
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6.12 Fay = Fry = 1500 lb C: Fyc = For = Fro = Fou 
1200 lb T; Fgc = Fro = 0: Fap = For = 1200 lb C: 
Fp = Fep = 60.0 lb C: Fog = 72.0 lb T. 

6.15 Fy; = 7.50 kips C; Fac = 4.50 kips T; Fgc = 7.50 kips T; 
Fgp = 9.00 kips C; Fep = 0; Fer = 9.00 kips T. 

6.16 Fyy = 5.00 kips C; Fyc = 3.00 kips T; Fgc = 5.00 kips T; 
Fgp = 6.00 kips C; Fep = Fer = 2.50 kips T; For = 
4.50 kips T; For = Fro = 2.50 kips C; Fpr = 3.00 kips C; 
Fre = 1.500 kips T. 

6.19 Fyn = 9.90 kN C:; Fag = 7.83 kN T: Fac = 0: 
Fpp = 7.07 KN C: Fp = 2.00 kN C; Fog = 7.83 kN T: 
Fg = 1.000 kN T; Fpp = 5.03 kN C; Fog = 0.559 kN C; 
Fro = 5.59 kN T. 

6.20 Freq = 3.50 kN T: Fry = 5.03 kN C:; Foy = 1.677 KN T; 
Fo = Fue Fe, = 3.25 INE Fy = Fp = Fe = 
Py = Fy, = 4AS EN GC. 

6.21 Fy, = 2240 Ib C: Fao = For = 2000 lb T; Fac = Fry = 0: 
Fpp = 1789 lb C; Fax = 447 Ib C; Fpg = 600 lb C; 
Fr = 2010 lb C: Fog = 224 lb T: Freq = 1789 lb T. 

6.22 Fro = 1400 lb T; Fr, = 2010 lb C: Fg; = 671 lb C; 
Fey = 2430 lb T; Fy = 361 Ib T; Fix = 2910 Ib C; 
Fx = 447 Ib C; Fy, = 3040 Ib T; Fr, = 3350 Ib C. 

6.23 Faz = 9.39 kN C; Fac = 8.40 KN T; Fac = 2.26 kN C; 
Fpp = 7.60 kN C; Fop = 0.128 kN C; For = 7.07 KN T: 
Fog = 2.14 KN C; Fpp = 6.10 kN CG; Frp = 2.23 kN T. 

6.24 Fy = Fpop = 2.29 KN T: Fyc = Frp = 2.29 kN C: 
Fac = Fpr = 0.600 kN C; Fpp = 2.21 kN T: Foz = Fen = 0; 
Fog = 2.21 kN C; Foy = Fyy = 1.200 kN C. 

6.27 Fag = 31.0 kips C; Fyc = 28.3 kips C; Fyp = 15.09 kips T; 
Far = 9.50 kips T; Fgp = 21.5 kips T; Fr = 28.0 kips C; 
For = 41.0 kips T; Fog = 42.0 kips C; Fpg = 22.0 kips T; 
Fpp = 33.5 kips T: Fug = 0. 

6.28 Fy, = 128.0 kN T: Fao = 136.7 kN C; Fgp = For = Feu = 
128.0 kN T: For = Fag = 136.7 kN C; Foy = 192.7 kN C. 

6.29 Truss of Prob. 6.33a is the only simple truss. 

6.30 Truss of Prob. 6.32b is the only simple truss. 

6.31 (a) BC, CD, IJ, IL, LM, MN. (b) BC, BE, DE, EF, FG, 
IJ, KN, MN. 

6.32 (a) AI, BJ, CK, DI, EI, FK, GK. (b) FK, IO. 

6.35 Fyp = Fap = 244 lb C; Fyc = 1040 lb T: Fac = 
Fop = 500 Ib C; Fep = 280 Ib T. 

6.36 Fy, = Fap = 861 N C; Fc = 676 N C: Fo = Fep = 
162.5 NT: Fry = 244N T. 

6.37 Faz = Fap = 2810 N T; Fyo = 5510 N C: Fpc = Fep = 
1325 N T: Fap = 1908 NC. 

6.38 Fug = Fac = 1061 lb C; Fyp = 2500 Ib T; Fac = 2100 lb T: 
Fap = Fep = 1250 lb C: Far = For = 1250 lb C; 
Fg = 1500 lb T. 

6.39 Fag = 840 N C; Fac = 110.6 N C; Fup = 394 N C; 
Fay = 0: Fac = 160.0 N T: Fae = 200 N T: Fep = 225 NT: 
For = 233 N C: Fp = 120.0 N T. 

6.40 Fy, = 0; Frc = 995 NT: Fap = 1181 N C: Fup = Fac = 0: 
Fyp = 600 N T: Fop = 375 N T: Fon = 700 NC; 
Fyn = 360NT. 

6.43 For = $000 lb T: Fog = 2600 lb T: Fp = 9000 lb C 

6.44 Fro = 7500 lb T; Fro = 3900 lb C: Fry = 6000 Ib C 

6.45 Fay = 216 KN T; Fog = 270 kN T. 

6.46 Foc = 459 kN C; Fac = 216 kN C. 

6.49 For = 7.20 KN T: Fp = 1.047 kN C; Fpp = 6.39 kN C. 

6.50 Fro = 3.46 kN T; Foy = 3.78 kN C; Fyy = 3.55 kN C. 

6.51 Fpr = 10.48 kips C; Fpg = 3.35 kips C; Frg = 13.02 kips T. 

6.52. Fo, = 13.02 kips T; Fy, = 0.800 kips T; Fyy = 13.97 kips C. 
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6.53 
6.54 
6.55 
6.56 
6.57 
6.58 
6.61 
6.62 
6.65 
6.66 
6.67 
6.68 
6.69 
6.70 
6.71 
6.72 
6.75 
6.76 
6.77 
6.78 
6.81 
6.82 


6.83 


6.84 


6.87 


6.88 


6.89 


6.91 


6.92 


6.93 


6.94 


6.95 


6.96 
6.99 


6.100 


6.101 


6.102 


For = 8.00 kN T: Fog = 4.50 kN C; Fpp = 10.00 kN C. 
Fry = 10.00 kN C; Fry = 4.92 KN T; Foy = 6.00 KN T. 
Fp = 13.5 KN C: Fop = 0: For = 56.1 KN T. 
Fog = 75.0 kN C; Frg = 56.1 KN T; Fry = 69.7 kN T. 
Fag = 8.20 kips T; Fyc = 4.50 kips T; Frc = 11.60 kips C. 
Fag = 17.46 kips T; Fer = 11.60 kips C; Fy = 18.45 kips C. 
Far = 1.500 kN T; Fpy = 0.900 kN T, 
Far = 0.900 kN T; Fy, = 0.300 kN T. 
(a) Cj. (b) 1.026 kN T. 
(a) IO. (b) 2.05 kN T. 
Fyc¢ = 5.48 kips T; Fp = 1.825 kips T. 
For = 3.65 kips T; Foy = 7.30 kips T. 
(a) improperly constrained. (b) completely constrained, 
determinate. (c) completely constrained, indeterminate. 
(a) completely constrained, determinate. (b) partially 
constrained. (c) improperly constrained. 
(a) completely constrained, determinate. (b) completely 
constrained, indeterminate. (c) improperly constrained. 
(a) partially constrained. (b) completely constrained, 
determinate. (c) completely constrained, indeterminate. 
(a) 125 N Sx 36.9°. (b) 125 N & 36.9°. 
Fgp = 255 N C; C, = 120.0 N —; C, = 625 N f. 
(a) 80.0 lb T. (b) 72.1 lb & 16.1°. 
(a) 80.0 lb T. (b) 72.1 Ib SG 16.1°. 
A, = 18.00 kN <; A, = = 20.0 kN |: B = 9.00 kN >; 
C, = 9.00 kN >, C, = 20.0 kN f. 
A = 20.0 kN |; B = 18.00 kN <; C, = 18.00 kN >, 
C, = 20.0 kN f. 
(a) A, = 450 N <—, A, = 525 N 7; E, = 450 N=, 
E, = 225 N 1; (b) Ay "S450 N <, A, = 150.0 Nf; 
E, = 450 N >, E, = 600 Nf. 
(a) A, = 300N — A, = 660 Nf; E, = 300N >, 
E, = 90.0 N f. (b) A, = 300 N <—, A, = 150.0 NT; 
E, = 300 N >, E, = 600 Nf. 
(a) A, = 80.0 lb — A, = 40.0 lb f; B, = 80.0 b>, 
B, = 60.0 lb f. (b) A, = 0, A, = = 40.0 lb f; B, = 0, 
B, = 60.0 Ib. 
(a) and (c) B, = 32.0 lb >, B, = 10.00 lb; 
F. = 32.0lb<, F, = 38.0 Ib f. (b) B, = 32.0 Ib >, 
B, = 34.0 lb 1, F, = 32.0 lb <, F, = 14.00 Ib f. 
(@) and (c) B, = 24.0 lb <—, B, = 7.50 lb |; F, = 24.0 lb =, 
F, = 7.50 lb f. (b) B, = 24.0 Ib <—, B, = 10.50 lb 7; 
F, = 24.0 lb —, F, = 10.50 lb). 
B, = 700 N <, B, = 200 N |; E, = 700 N=, 
E, = 500 Nf. 
D, = 13.60 kN >, D, = 7.50 kN 7; E, = 13.60 kN <, 
E, = 2.70 kN | 
A, = 176.3 lb — A, = 60.0 lb |; G, = 56.3 b>, 
G, = 510 lb f. 
A, = 56.3 lb —, A, = 157.5 lb |; G, = 56.3 lb >, 
G, = 383 lb f. 
(a) A = 982 lb T; B = 935 lb T; C = 733 lb f. 
(b) AB = +291 lb; AC = —72.7 lb. 
(a) = 572 lb. (b) A = 1070 lb f; B = 709 lb T; C = 870 lb. 
C, = 78.0 Ib >, C, = 28.0 Ib f; F, = 78.0 lb <, 
F, = 12.00 lb?. 
C, = 21.7 Ib >, C, = 37.5 Ib |; D, = 21.7 b 
D, = 62.5 lb f. 

. = 13.00 kN <, A, = 4.00 KN |; B, = 36.0 kN >, 


. = 2025 N <, A, = 1800 N |; B, = 4050 N-, 


A 

B, = 6.00 KN f; E, = 23.0kN <, E, = 2.00 kN be 
A 

B, = 1200 N 7; E, = 2025 N —, E, = 600 Nf. 


6.103 


6.104 


6.107 


6.108 


6.109 
6.110 
6.111 


6.113 
6.115 
6.116 


6.117 
6.118 
6.119 


6.122 
6.123 
6.126 
6.127 
6.128 
6.129 
6.130 
6.131 
6.132 
6.133 
6.134 
6.137 
6.138 
6.139 
6.140 
6.142 
6.143 
6.144 
6.145 
6.146 
6.148 
6.149 
6.150 
6.151 
6.154 
6.155 
6.156 
6.159 


6.160 
6.163 


6.164 
6.166 
6.167 
6.168 
6.170 


6.171 


(a) C, = 100.0 Ib —, C, = 100.0 Ib ft; D, = 100.0 Ib >, 
D, = 20.0 Ib J. (b) E, = 100.0 Ib <, E, = 180.0 lb f. 
(a) C, = 100.0 Ib —, C, = 60.0 Ib f; D, = 100.0 Ib >, 


D, = 20.0 lbf. (b) E, = 100.0 Ib —, E, = 140.0 lb f. 

(a) A, = 200 kN >, A, = 122 kN 7. (b) B, = 200 kN <, 
B, = 10.00 kN J. 

(a) A, = 205 kN >, A, = 134.5 KN 4. (b) B, = 205 kN <, 
B, = 5.50 kN f. 

B = 98.5 lb 2 24.0, C = 90.6 Ib S 6.34°. 
(a) 301 Ib SG 48.4°. (b) 375 Ib T. 

Fyc = V2 P/6 C; Fpp = 2V2 P/3 C; Fp = 
Fry = V2 P/6T. 

Fyp = P/4 C; Fac = Fog = P/V2 C: Fey = P/4 T. 


B 


V2 P/3 C; 


Far = Mo/4a C; Fgq = Fog = Mo/ Va T: Fry = 3Mo/4a C. 


Pap = v2 Mo /3a C; Fgc = 
Fry = 2V2 M)/3a T. 

E = P/5 |; F = 8P/5 1; G = 4P/5 |; H = 2P/5 f. 

A = P/15 }; D = 2P/15 }; E = 8P/15 }; H = 4P/157. 
(a) A = 2.06P & 14.04°; B 
(b) Frame is not rigid. (c) A = 1.25P Ss 36.9° 

B = 1.031P & 14.04°; frame is rigid. 

(a) (Fap)y = 96.0 Ib | (b) Fgp = 100.0 Ib 2 73.7°. 

(@) (Fep)y = ae Ib) (b) Fgp = 250 lb 2 73.7°. 

(a) 746 N |. (b) 565 N SG 61.3°. 

(a) 302 N J. A 682 N SS 61.3°. 

Tor = 81.0 N: B = 216N J. 

(a) 21.0 kN — (b) 52.5 kN <. 

(a) 1143 N - m ). (b) 457 N - m ). 

832 Ib = in. 5. 

360 lb - in. 4. 

195.0 kN - m ). 

40.5 kN - m5, 

208 N-m). 

18.43 N+ mj). 

Fyp = 800 N T: Fog = 100.0 NC. 

P= 1200N]: Q= 1l00N<— 

F = 3290 lb SG 15.12°; D = 4450 lb — 

D = 30.0 kN <; F = 37.5 kN SG 36.9°. 

D = 150.0 kN <: F = 96.4 kN SG 13.50°. 

(a) 475 |b. (b) 528 Ib Sx 63.3°. 

44.8 kN. 

8.45 kN. 

25.0 lb | 

10.00 lb |. 

240 N. 

(a) 14.11 kN SG 19.10°. (b) 19.79 kN SX 47.6°. 

(a) 4.91 kips C. (b) 10.69 kips C. 

(a) 2.86 kips C. (b) 9.43 kips C. 

(a) My = (90.0 N - m)i. (b) A = 0; B = 0; 

Mz = —(72.0 N - m)i 

(a) 27.0 mm. (b) 40.0 N - m ). 

E, = 100.0 kN >, E, = 154.9 KN }; F, = 26.5 kN >, 
EF, = 118.1 kN |; H, = 126.5 kN <, H, = 36.8kN |. 
Fg = Far = 671 lb T: Fac = Fap = 1000 lb C; 

Fac = Fp = 600 lb C; Fep = 200 lb T. 

Fre = 5.23 kN C; Fr = 0.1476 kN C; Fry = 5.08 KN T. 
Fey = 5.02 kN T: Fry = 1.963 kN C; Fry = 3.95 kN C. 
A, = 25.0 kips <, A, = 20.0 kips ?; B, = 25.0 kips <—, 
10.00 kips J; C. = 50.0 kips >, C, = 10.00 kips J. 
= 150.0N<, A, = 250 N 7; E, = ~ 150.0 N—, 

= 450N7. 

= 327 lb =; B = 827 lb<—:D 


M)/a T: Fpg = Mo/a C; 


y 


> > 
| 


= 621 lb tT; E = 246 lbf. 


= 2.06P Ss 14.04°; frame is rigid. 


6.172 
6.175 
6.C1 


6.C2 


6.C3 


6.C4 


6.C5 


(a) P = 109.8 N —. (b) 126.8 N T, (c) 139.8 N Sx 38.3°. 
(a) 312 lb. (b) 135.0 Ib = in. ). 

(a) @ = 30% W = 472 Ib, Aggy = 1.500 in, Agc = Ace = 
1.299 in®, Ago = Ape = 0.500 in®, App = 1.732 in’. 

(D) Apr = 96.8%: W = 312 Ib, Aap = 0.896 in?, Aag = 
Acr = 0.491 in®, Age = 0.500 in?, Age = 0.299 in? 
Agp = 0.655 in. 

(a) For x = 9.75 m, Fgy = 3.19 kN T. (b) For x = 3.75 m, 
Fey = 1.313 kN C. (c) For x = 6 m, Foy = 3.04 kN T. 

@ = 30°: M = 5860 lb - ft}; A = 670 lb 4 75.5°. 

(a) Minax = 8680 Ib - ft when 6 = 65.9°. 

(b) Amaxy = 1436 Ib when 6 = 68.5°. 

6 = 30°: My = 1.669 N- m4, F = 11.79 N. 0 = 80°: 
M, = 3.21N-m), F=11.98N. 

d = 0.40 in.: 634 lb C; d = 0.55 in.: 286 lb C; 

d = 0.473 in. Fag = 500 Ib C. 


a) 


6.C6 6 = 20°: M = 31.8 N-: m; 0 = 75°: M = 12.75N:-m 
0 = 60.0°: My = 12.00 N- m 
CHAPTER 7 

7.1 F = 0; V = 80.0 lb 7; M = 480 lb - in. 9. 

7.2 F = 0; V = 40.0 lb 7; M = 240 lb - in. 5. 

7.3 F = 480 kN —:V = 1400 kN]; M = 1.380kN-m y 

74 F = 3.00 kN <—; V= 0; M = 0.600 kN - m ). 

7.7 (On A]) F = 103.9 N\; V = 60.0 N 7; 

M = 18.71 N- my). 
7.8 (On BK) F = 60.0 N #; V = 103.9 N XN; 
M = 10.80N-m\. 

79 (On CJ) F = 23.6 lb \; V = 29.1 lb v%; M = 540 lb - in. 4. 
7.10 (a) 30.0 lb at C. (b) 33.5 Ib at B and D. (c) 960 lb - in. at C. 
7.13 (On A]) F = 194.6 N SS 60°; V = 257 N & 30°; 

M = 247N:-m). 
7.14 45.2 N - m for 6 = 82.9°. 
7.15 (a) F = 500 N —; V = 500 NT; M = 300 N- m). 
(b) F = 970 N17; V = 1710N —;M = 446N- my. 
7.16 (a) F = 500 N —; V=500 NT; M = 300N- mj. 
(b) F oe 
7.17 (On BJ) F = 200 NN; V = 120.0 N 7; M = 120.0N- m4. 
7.18 (On AK) F = 520N<;V = 1200N):M=96.0N-m ne 
7.19 150.0 Ib = in. at D. 
7.20 105.0 lb - in. at E. 
7.23, (On BJ) 0.289Wr *. 
7.24 (On BJ) 0.417Wr 4. 
7.27 0.1009Wr for 6 = 57.3°. 
7.28 0.357Wr for @ = 49.3°. 
7.29 (b) |Vimax = 2P; |Mlmax = 3Pa. 
7.30 (b) |Whnax = 2P/3; |Mlinax = 2PL/9. 
7.31 (b) wL/4 ; 3wL?/32. 
7.32 (b) wL/2; 3wL?/8. 
7.35 (b) |V|max = 35.0 kN: |Ml nay = 12.50 kN - m. 
7.36 (b) |Vlmax = 50.5 KN; |Mlnay = 39.8 kN = m. 
7.39 (b) |\Vimax = 64.0 kN; |M|max = 92.0 kN + m. 
7.40. (b) |Vlmay = 60.0 KN; |Mlay = 72.0 kN = m. 
7ZAL (b) [Vinax = 18.00 kips; |M|nax = 48.5 kip - ft. 
742 (b) [Vmax = 15.30 kips; |M|naxy = 46.8 kip + ft. 
7.43 (b) [V|max = 1.800 kN; |Mlmax = 0.225 kN + m. 
7.44 (b) [Vmax = 2.00 kN; |M]max = 0.500 kN - m. 
7.45 (a) M = 0 everywhere. 
(b) |Vimax = 4.50 kips; |M|max = 13.50 kip - ft. 
7.46 (a) M = 0 everywhere. 
(b) |Vimax = 4.50 kips; |M|mnax = 13.50 kip - ft. 
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749 
7.52 
7.53 
7.54 
7.55 
7.56 
7.57 
7.58 
7.59 
7.62 
7.63 
7.69 
7.70 
7.72 
7.77 
7.78 
7.79 
7.80 
7.83 
7.84 
7.85 


7.86 


7.89 
7.90 
791 


7.92 


7.93 


7.94 

7.95 

7.96 

7.97 

7.98 
7.101 
7.102 
7.103 
7.104 
7.107 
7.108 
7.109 
7.110 
7.113 
7.114 
7.115 
7.116 
7.117 
7.118 
7.125 


7.127 
7.128 
7.129 
7.130 
7.133 
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(a) +400 N; +160.0 N - m. (b) —200 N; +40.0 N- m 
[Vimax = 7.50 kips; |M|nax = 7-20 kip - ft. 
[Vhiax = 165 Ib; |Mlmax = 1625 Ib + in 
[Vmax = 800 N; |MJnax = 180.0 N+ m 
(a) 54.5°. (b) 675 N+ m 
(a) 0.311 m. (b) 193.0 N + m. 
(a) 1.236. (b) 0.1180wa?. 
a = 0.207L 
(a) 40.0 kips, (b) 40.0 kip - ft. 
(a) 0.414wL; 0.0858wL”. (b) 0.250wL; 0.250wL?. 
[Vmax = = 2P; IMlmax = = 3Pa 
[Vimax = 7.20 KN; |M|max = 5.76 kN + m 
[Vmax = 720 N; |Mlmax = 164.0 N+ m 
[Vmax = 60.0 kN; |[M|mnax = 72.0 kN + m 
(b) 9.00 kN - m, 1.700 m from A. 
) 26.4 kN - m, 2.05 m from A. 
b) 45.0 kip - ft, 12.00 ft from A. 
b) 12.00 kip - ft, 6.00 ft from A. 
b) 40.5 kN - m, 1.800 m from A. 
) 60.5 kN + m, 2.20 m from A. 
(a) V = (wo /6L)(3x" — 6Lx + 2L”); 
M = (wo /6L)(x° — 3Lx” + 2L7x). 
(b) 0.0642w L7, at x = 0.4231. 
(a) V = (wo/3L)(2x? — 3Lx + L?); 
M = (wy /18L)(4x° — 9Lx? + 6L?x — L?), 
(b) woL?/72, at x = L/2. 
(a) P = 4.00 kN |; Q = 6.00kN J. ) Mc 
(a) P = 2.50 kN |; Q = 7.50 KN J. (b) Mc 
(a) 
(b) 


P = 1.350 kips |; Q = 0.450 di. 

Vinax = 2.70 kips at A; Myax = 6.345 kip - ft, 

5.40 ft from A. 

(@) P = 0.540 kips |; Q = 1.860 kips |. 

b) \Vimax = 3.14 kips at By Minas = 6.997 kip - ft, 
6.88 ft from A. 

\e) 2.28 m. (b) D, = 13.67 kN >; D, = 7.80 kN f. 

15.94 kN. 


2670 Ib 2 2.10°. (b) 2810 Ib 2 18.6°. 
1) dp = 1. oe m; dp = 4.20 m. (b) 21.5 kN 4 3.81°. 
= 32.0 kN SS 38.7°; E 


50, 200 oe (b) 3580 ft. 
a) V3LA78. (b) 12.25 ft. 


58900 kips. (b) 29.2°. 
16.00 ft to the left of B. (b) 2000 lb. 
0.873 m. 


(c 
y =h{l — cos(ax/L)]; Ty = woL/har; 
Tmax = (WoL/m) V (L?7/h?n’) + 1. 

(a) 26.7 m. (b) 70.3 kg. 

199.5 ft 

(a) 164.8 m. (b) 4290 N. 

330 ft; 625 Ib. 

(a) 5.89 m. (b) 10.89 N >. 


—900N- 
—900 N - 


= 25.0kN >. 


m. 
m. 


7.134 
7.135 
7.136 
7.139 
7.140 
7.141 
7.142 
7.143 
7.144 
7.147 
7.148 
7.151 
7.152 
7.153 
7.154 


7.155 
7.156 


7.157 
7.159 
7.160 
7.162 
7.164 

7Cl 


7.03 
7.C4 
7.C8 


10.05 ft. 

(a) 30.2 m. (b) 56.6 kg. 

(a) 56.3 ft. (b) 2.36 Ib/ft. 

31.8 N. 

29.8 N. 

(a) a = 79.0 ft; b = 60.0 ft. (b) 103.9 ft. 
(a) a = 65.8 ft; b = 50.0 ft. (b) = 86.6 ft. 
119.1 N >. 

177.6 N >. 

3.50 ft. 

5.71 ft. 

0.394 m and 10.97 m. 

0.1408. 

(a) 0.338. (b) 56.5°; 0.755wL. 

(a) 1500 N. (b) (On AB]) F = 1324N?; 
V = 706 N —; M = 229N- m"%. 

(On BJ) F 
a) (On AC) F = V = 0; M = 450 Ib: ft 5. 

b) (On AC) F = 250 lb ¥; V = 0: M = 450 lb 
a) 90.0 Ib. (b) 900 Ib + in 

b) 41.4 kN; 35.3 kN > m 


ft. 


a) 1229 Ib. (b) 11.00 ft. 
a) 2770 N. (b) 75.14 m. 
a) Mp = +39.8kN +m 
c) Mp = +1800 Ib - in 
a = 1.923 m; Mya, = 37.0 kN + m at 4.64 m from A. 
(b) Minax = 5.42 kip + ft when x = 8.5 ft and 11.5 ft. 
c/L = 0.300: h/L = 0.5225; s4z/L = 1.532; 
Tp/wL = 0.300; Tya./wl = 0.823. 


_ (b) Mp = 414.00 kip = ft. 


CHAPTER 8 


8.1 
8.2 
8.3 
8.4 
8.5 
8.6 
8.7 
8.9 
8.11 
8.12 
8.15 
8.16 
8.17 
8.18 
8.19 
8.20 
8.21 
8.23 
8.25 
8.26 
8.27 
8.28 


8.29 


8.30 
8.31 
8.34 
8.36 
8.37 


Equilibrium; F = 34.5 lb N. 
Block moves; F = 55.7 IbN. 
Equilibrium; F = 48.3 NN. 
Block moves; F = 103.5 NN. 
2295 NSPS4T9N. 
143.0N =P s 483 N. 

(a) 105.8 N. (b) 46.0°. 

(a) 403 N. (b) 229 N. 

(a) 353 N —. (b) 196.2N <. 
(a) 275 N —. (b) 196.2 N <—. 
(a) 36.0 lb —. (b) 30.0 lb. (c) 12.86 lb >. 
(a) 36.0 lb =. (b) 40.0 in. 

M = Wrp,(1 + w)/( + p,2). 
(a) 0.300Wr. (b) 0.349Wr. 
151.5 N+ m. 

1.473 kN. 

0.208. 

(a) 136.4°. (b) 0.928W. 

0.750. 

0.860. 

132.9 lb |. 

(a) 112.5 N. (b) 8.81 mm. 


L 
346 = — = 13.63. 
a 


(a) Plate in equilibrium. (b) Plate moves downward. 
10.00 lb < P < 36.7 lb. 

135.0 Ib. 

168.4N =P =308N. 
938N:-m=SM=1501N:-m 


= 250 NN; V = 120.0N 74,M = 120.0N - 


( 

(b) 

(a) 

(b) 

(a) 12.00 kip - ft, at C. (b) 6.25 kip - ft, 2.50 ft from A. 
(a) 

(a) 

(a) 

( 


m \. 


8.38 —468N SP 5 34.3N. 8.123 9.56 N. 


8.39 (b) 2.69 lb. 8.124 (a) 30.3 Ib: in §. (b) 3.78 lb |. 
8.41 0.0949. 8.125 (a) 17.23 lb - in J. (b) 2.15 lb f. 
8.42 (a) System slides; P = 62.8 N. 8.126 0.350. 
(b) System rotates about B; P = 73.2 N. 8.131 (a) 51.0 N- m. (b) 875 N. 
8.43 35.8°. 8.132 (a) 170.5 N. (b) 14.04°. 
8.44 20.5°. 8.133 53.5°. 
8.45 1.225W. 8.135 6.35 < L/a = 10.81. 
8.46 (a) P = 56.6 lb <. (b) B, = 82.6 lb <; B, = 96.0 lb\. 8.136 0.0533. 
8.47 (a) P = 21.4 lb >. (b) B, = 122.2 lb — B, = 96.0 lb J. 8.138 0.225. 
8.48 P = 2080N J. 8.139 (a) 620 N — (b) B, = 1390 N <; B, = 1050N\). 
8.49 P= 1966N\. 8.140 (a) and (b) 50.4 lb. 
8.52 (a) 62.7 lb. (b) 62.7 lb. 8.142 (a) 0.238. (b) 218 N J. 
8.53 9.86 kN <. 8.C1_ x = 500 mm: 63.3 N; Pray = 67.8 N atx = 355 mm. 
8.54 913 N — 8.C2 Wz = 10 lb: 6 = 46.4°; Wg = 70 lb: 6 = 21.3°. 
8.55 (a) 28.1°. (b) 728 N & 14.04°. 8.03 4 = 0.25: M = 0.0603 N - m. 
8.56 29.9 lb. 8.C4 6 = 30°: 1.336 N- mS My S 2.23 N> m. 
8.57 67.4N. 8.C5 6 = 60°: P = 16.40 lb |: R = 5.14 lb. 
8.60 (b) 283 N <. 8.C6 @ = 20°: 10.39 N+ m. 
8.61 0.442. 8.C7 6 = 20°: 30.3 Ib; 13.25 lb. 
8.62 (a) 90.0 lb. (b) Base moves. 8.C8 (a) xo = 0.600L; x,, = 0.604L; 0; = 5.06°. (b) 0, = 55.4°. 


8.63 (a) 89.4 lb. (b) Base does not move. 
8.64 0.1103. 


8.65 0.1013. 

8.69 1068 N-m. CHAPTER 9 

8.70 4.18 N-m. 9.1 b°h/12. 

8.72 169.7 lb - in. 9.2 3a*/2. 

8.73 32.7 lb - in. 9.3 2a°b/15. 

8.75 0.0980. 9.4 ha®/5. 

8.76 450 N. 9.6 a'/8. 

8.77 412N. 9.7 2ab3/7. 

8.78 344. 9.9 ab®/15. 

8.79 376 N. 9.10 0.1056ab°. 

8.80 0.226. 9.11 ab3/15. 

8.82 Ty, = 77.5 lb: Tep = 72.5 lb; Tgp = 67.8 bb. 9.12 2a°b/21. 

8.85 22.0 lb <. 9.15 ab®/10; b/ V5. 

8.86 1.948 lb |. 9.16 3ab?/35; bV9/35. 

8.87 18.01 lb — 9.17 a°b/6; a/V3. 

8.88 (a) 4.80 kN. (b) 1.375°. 9.18 3a°b/35; aV9/35. 

8.90 3.75 lb. 9.21 20a*; 1.8264. 

8.91 0.1670. 9.22 43a*/48; 0.7734. 

8.96 154.4N. 9.23 (a/2)(R3 — Ri); (/4)(R3 — R}). 

8.97 0.0600 in. 9.24 (b) for t/R,, = 1, 10.56%; for t/R,, = 4, —2,99%, 
8.98 10.87 lb. for t/R,, = 7, —0.1250%. 

8.99 (a) 1.288 kN. (b) 1.058 kN. 9.25 64a*/15; 1.265a. 
8.100 300 mm. 9.28 bh(12h? + b?)/48; V (12h? + b?) /24. 

8.101 (a) 0.329. (b) 2.67 turns. 9.31 390 X 10° mm*; 21.9 mm. 

8.102 (a) 22.8 kg. (b) 291 N. 9.32 46.0 in’; 1.599 in. 

8.103 (a) 109.7 kg. (b) 828 N. 9.33 64.3 x 10° mm*; 8.87 mm. 
8.104 73.0 lb < P < 1233 bb. 9.34 46.5 in‘; 1.607 in. 

8.107 35.1 N-m 9.37 I = 9.50 X 10° mm*; dy = 60.0 mm. 
8.108 (a) 27.0 N - m (b) 675 N. 9.38 A = 6600 mm; I = 3.72 X 10° mm‘. 
8.109 (a) 39.0 N - m. (b) 844.N. 9.39 1, = 150.0 in’; I, = 300 in’. 

8.110 421 Ib - in. 9A I, = 1.874 x 10° mm’; I, = 5.82 X 10° mm’. 
8.111 301 lb - in. 9.42 I, = 48.9 X 10° mm’; 1, = 8.35 X 10° mm‘. 
8.112 449N-m%. 943 I, = 191.3 in’; I, = 75.2 int, 

8.115 4.49 in. 9.44 I, = 18.13 in’, 1, = 4.51 int, 

8.116 (a) 11.66 kg. (b) 38.6 kg. (c) 34.4 ke. 9.45 (a) 80.9 X 10° mm‘. (b) 57.4 X 10° mm‘. 
8.117 (a) 9.46 kg. (b) 167.2 kg. (c) 121.0 kg. 9.46 (a) 12.16 x 10° mm‘. (b) 9.73 < 10° mm’, 
8.120 (a) 10.39 lb. (b) 58.5 lb. 9.49 I, = 260 x 10° mm*; k, = 144.6 mm; I, = 17.53 X 10° mm*, 
8.121 (a) and (b) 28.9 lb. ky = 37.6 mm. 7 _ 
8.122 5.97 N. 9.50 I, = 254 in’; k, = 4.00 in. I, = 102.1 in’; k, = 2.54 in. 
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9.51 


9.52 
9.53 
9.55 
9.57 
9.58 
9.59 
9.60 
9.63 
9.64 
9.67 
9.68 
9.69 
9.71 
9.72 
9.74 
9.75 
9.76 
9.78 
9.79 


9.80 


9.81 
9.83 
9.85 
9.86 
9.87 
9.89 
9.91 


9.92 


9.93 

9.95 

9.97 

9.98 

9.99 
9.100 
9.103 
9.104 
9.105 
9.106 
9.107 
9.111 
9.112 
9.113 
9.114 
9.115 
9.116 
9.119 
9.120 
9.121 
9.122 
9.124 
9.125 
9.127 
9.128 
9.129 
9.131 
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= 83.9 mm. 
1.077 in. 

I, = 3.55 X 10° mm*; I, = 49.8 x 10° mm’. 
I, = 745 X 10° mm‘; I, = 91.3 x 10° mm‘. 
3ar/16. 

3ab/16. 

15h/14. 

4h/7. 

5a/8. 

80.0 mm. 

a‘/2. 

a’b?/12. 

—bh?/8. 

-1.760 X 10° mm‘. 

—21.6 X 10° mm’. 

—0.380 in’. 

471 X 10° mm‘. 

—9010 in’. 

1.165 X 10° mm? 

(a) Ty = 0.482a'; iy = 1.4824"; Toy 
(b) Ly = 1.120a’; ca = =o 843a*: Ly 
Ty = 103.5 X 10° — s Ty 
= —38.3 x 10° mm* 

1033 in! Ty = 2020 in’ ; Ivy = —873 in’. 
Ty = 0.236 in’; Ly = 1.244 in’; Ty, = 0.1132 in’. 
20.2°: 1.754a", 0.2094". 

—17.11°; 139.1 X 10° mm‘, 62.3 X 10° mm‘, 
29.7°; 2530 in*, 524 int. 

-93,7° and 66. 3°. 1.257 in’, 0.224 in’. 

(a) Ly = 0.482a*; ve - 1.482a°, Tey 
(b) Ty = 1.120a*; Ty = 0. Bays Li 
C= 103.5 X Ne ines 


ania 


xy = 0.760a". 
= 97.9 X 10° mm’; 
Ley 
ie 


ay! = 0. 760". 
= 97.9 X 10° mm!; 


Ivy = 38.3 K 10° mm* 
Ty = 1033 in*; I) = = 2020 in‘; I, vy) = 873 int. 
Ty = 0.236 in’ Ly = 1.244 in*, Ty = 0.1132 in’, 


xy’ 


20.2°: 1.754a", 0. 09a". 

—17.11°; 139.1 X 10° mm*, 62.3 X 10° mm’. 
—33.4°; 22.1 X 10° in’, 2490 in’. 

29.7°: 2530 in*, 524 in‘. 

(a) -1.146 in*. (b) 29.1° clockwise. (c) 3.39 in’. 


23.8° clockwise; 0.524 X 10° mm‘, 0.0917 X 10° mm‘. 
19.54° counterclockwise; 4.34 X 10° mm’, 0.647 X 10° mm‘. 


(a) 25.3°. (b) 1459 in’, 40.5 in’. 
(a) 

(a) m(rZ + 13)/4. (b) mir + 3)/2. 
(a) 0.0699ma?. (b) 0.320ma?. 

(a) 25mr3/64. ( (b) 0.1522mrs. 

(a) mb?/7. (b) m(Ta? + 10b7)/70. 
(a) ma°/3. (b) 3ma?/2. 

(a) 7ma?/6. (b) ma?/2. 
ll 329mh’. 

m(3a + L?)/12. 

1) 0.241mh”. (b) m(3a? + 0.1204h?). 

m(b? + h?)/10. 

m(a? + b?)/5. 

i =i,> es 2/4; L, = ma*/2. 

837 x 10° kg - m?; 6.92 mm. 

1.160 x 10°° Ib - ft + s*; 0.341 in. 

m(3a® + 2h?)/6. 

(a) 27.5 mm to the right of A. (b) 32.0 mm. 


( 


= 255 X 10° mm’; k, = 134.1 mm; 1, = 100.0 < 10° mm’; 


= —0.589a". 


= —0.589a'. 


a) 88.0 X 10" mm? -(@) 96.3 x 10° mm‘, 39.7 X 10° mm‘. 


9.133 


9.134 
9.135 


9.136 
9.137 
9.138 
9.141 
9.142 
9.144 
9.145 
9.147 


9.148 
9.149 


9.150 


9.151 


9.152 


9.155 


9.156 


9.157 


9.158 
9.159 


9.160 
9.162 
9.165 
9.166 
9.167 
9.168 
9.169 
9.170 
9.173 
9.174 
9.175 
9.179 


9.180 


9.182 


(a) 2.30 in. (b) 20.6 X 1073 Ib - ft + s?; 2.27 in. 


J). > /da- 2a : dl 

"| 6a” | t1)4 . (b) 0. 
(a) mpl 6 (Ge i 4 (b) 0.1851, 
I, = 26 X 10° * kg «1 at a 38.2 X 10 2kg +1 


I, = 17.55 X 10° kg +1 

1, = 175.5 X 10° ae 
i, = 154.4 X 10 kg x 
L, = 745 X 10° lb- fete = 896 x 10 °lb- 


>“*y 


; 1, = 309 X 10° kg: 


2 
ne 


n 
bo 


L, = 304 X 10° °lb= ft = s?. 

I, = 344 X 10° Ib: ft + s°; 1, = 132.1 X 10-6 Ib - ft - 8°; 
I, = 453 X 10° lb: ft- 87. 

@ 13.99 X 10° kg + m’. (b) 20.6 X 10° kg - r 


(c) 14.30 X 10°? kg + m 
0.1785 lb - ft 

L, = 38.1 X 10 kg - m?; k, = 110.7 mm. 

(a) 26.4 X 10° kg + m®, (b) 31.2 X 10° kg + m 
(c) 8.58 X 10° kg - m 

I, = 0.0392 lb - a s°; I, = 0.0363 Ib - 

I, = 0.0304 Ib - 2 

ae = 0.323 kg - ms if = I, = 0.419 kg + m 

Iy = 2.50 X 10” beg + m 
= 8.81 X 10% kg: m’. 
Ty = 2.44 X 10% kg +1 
T., = 4.59 X 10° kg +m’. 


Ty: 


wot 


— 
BY 
) 

| 


wo Fe 


I, = —538 X 10-6 Ib = ft» s°; I,, = —17L4 x 10° lb - ft 
L, = 1120 X 10°° lb: _ : oe 

I, = —1726 X 107° Ib = ft - s*; 1, = 0.507 X 10° Ib - 
1, = —2.12 X 107 “Ib: ‘a s*, 


I,y = —8.04 X 10° kg +1 ns [ye = 
T.. = 94.0 X 10° kg + m? 

Ty = 0; I, = 48.3 X 10°° kg m? 
L, = —443 X 10° kg + m’. 


- = 4.06 X 10° kg: m’; 


:I,, = 1415 x 10° kg +m 


ft - 3”: 


12.90 X 10 > kg +m 


Ly wa'(1 — 5m)/g3 Ty. = —l1wa*/g; 

L, = 4wa"(1 + 2m)g. 

Lata —lwa*/g; Ly = wa(m + 6)/2g; Ly = —wa’/4g. 
I = 47.9 X 10° kg + m*; 1, = 102.1 X 10° kg + m” 
Lx = 64.1 X 10-6 kg + m? 

Iy = —m 'R3/2; Ly. = m'R}/2: I. = —m'R3/2. 


a) ) mac/20. ( (b) Ty = mab/20; 1,. = mbc/20. 
18.17 X 10°° Ske va mn 

L181 X 103 kg *1 
5Wa’/18¢. 

4 Alyta*/g. 

281 X 10° kg +m 
0.354 kg + m° 

(a are = 2;c/a= 
) 2. (b) V273. 

a) en (b) v7/12. 

a) K, = 0.363ma?; Ky = 1.583ma?; K, = 1.720ma’. 
) (O)1 = (0), = 49.7°, (6,)1 = 113.7%; 

0,)2 = 45.0°, (6, yo = = 90.0°, (82). = 135.0°; 

0,)3 ~ 73.5°, (0))3 = = 93.7°. 

a) K, = 14.30 x 10° kg +m’ 


2. (b) b/a = 1; c/a = 0.5. 


Ky = 13.96 X 10 > kg - m?; : = 20.6 X 10° kg +1 

(b) (O)1 = (Oy). = 90.09, (6.), = 0; 

(,)2 = 3.42°, (8,). = 86.62, (0,). = 90.0°. 

(,)3 = 93.4°, (,)3 = 3.43°, (6.)3 = 90.0°. 

(@ K, = 0.1639Wa?/g; Ky = 1.054Wa?/g; Ky = 1.115Wa?/g, 
(b) (0, = 36.7°, (6,)1 = 71.6°, 0.) = 59.5°; 

(0,)2 = 74.9°, (6,)s = 54.5°, (0.). = 140.5° 

(0,)3 = 57.5° (6,)s = 138.8°, (0.)3 = 112.4° 


9.183 (a) K; = 2.26yta‘/g: Ky = 17.27yta “/g: K; = 19.08yta*/g. 10.51 300 N-m, 81.8N-+m 
(b) (8,), = 85.0°, (8,), = 36.8°, (8.)) = 53.7°; : 10.52 7 = tan 0/tan (0 + ,). 
(0,)2 = 81.7°, (0,2 = 54.7°, (0.)2 = 143.4°; 10.53 7.75 kNf. 
(6,)3 = 9.70°, (,)3 = 99.0°, (6.)3 = 86.3°, 10.54 H = 1.361 kN 7; My = 550N-m%. 
9.185 1, = ab*/28; I,=a °b/20. 10.57 0.833 in. J. 
9.187 4a°b/15; a/V5. 10.58 0.625 in. >. 
9.188 1, = 4a*; 1, = = 16a'/3. 10.66 19.40°. 
9.189 (a) 3.13 X 10° mm! . (b) 2.41 X 10° mm’. 10.67 Equilibrium is neutral. 
9.190. I, = 634 X 10° mm!: I, = 38.0 X 10° mm‘, 10.69 6 = 0 and 6 = 180.0°, unstable; 
919T I, = —2.81 in’. 6 = 75.5° and 6 = 284°, stable. 
9.193 (a) 7ma?/18. (b) 0.819ma?. 10.70 @ = 90.0° and 6 = 270° unstable; 
9.195 I, = 0.877 kg m’; I, = 1.982 kg - m*; I, = 1.652 kg «1 9 = 22.0° and 6 = 158.0°, stable. 
9.C1 6 = 20° Iy = 14.20 in’, 1, = 3. aaa in’, Iyy = 73 93 in’. 10.71 6 = —45.0°, unstable; @ = 135.0°, stable. 
9.03 (a) ly = 37] x 10° mm* se = 64.3 X 103 mm’: 10.72 § = —63.4°, unstable; 6 = 116.6°, stable. 
ky = 21.3 mm, ky = 8. 87 ee (b) Ly = 40.4 in’, 10.73 59.0°, stable. 
1, = 46.5 in’; = = 1499 in, ky = L 607 in. 10.74 78.7°, stable; 324°, unstable; 379°, stable. 
(c) ky = 2.53 in., k, = 1.583 in. (d) k, = 1.904 in., 10.78 9.39° and 90.0°, stable; 34.2°, unstable. 
k, = = 0.950 in. ’ 10.79 357 mm. 
9.C5 (a) 5.99 X 10 kg - m*. (b) 77.4 X 10° kg =m’. 10.80 252 mm. 
9.C6 (a) 74.0 X 107° Ib - ft - s*. (b) 645 X 10-6 Ib - ft - s*. 10.81 17.11°, stable; 72.9°, unstable. 
(c) 208 x 10°6 Ib - ft + s?. 10.83 49.1°. 
10.85 54.8°. 
10.86 37.4°. 
10.88 16.88 m. 
CHAPTER 10 10.90 k > 6.94 lb/in. 
10.1 82.5N\. 10.91 15.00 in. 
10.2 120 lb—. 10.92 P < 2kL/9. 
10.3 49.5 N-m). 10.93 P< kL/18. 
10.4 1200 Ib - in. 5. 10.94 P <k(l — a@)*/21. 
10.7. (a) 60.0 N C, 8.00 mm J. (b) 300 N C, 40.0 mm |. 10.96 P< 160.0 N. 
10.8 (a) 120.0 N C, 16.00 mm |. (b) 300 N C, 40.0 mm J. 10.98 P< 764N. 
10.9 O= = 2P sin 0/cos (0/2) . 10.100 (a) P < 10.00 lb. (b) P < 20.0 lb. 
10.10 QO = 2P cos 6/cos (0/2). 10.101 60.0 Ib J. 
10.11 QO = (3P/2) tan 0 10.102 600 lb - in. ). 
10.12 QO = Pl(l/a)cos® 6 — 1]. 10.104 (a) 20.0 N. (b) 105.0 N. 
10.15 M = 5Wtan asin 0. 10.106 39.2°. 
10.16 M = PI/2 tan 6. 10.107 60.4°. 
10.17 M = 7Pa cos 0 10.108 7.13 in. 
10.18 (a) M = Pl sin 20. (b) M = 3PI cos @. (c) M = Pl sin 0. 10.110 (a) 0, unstable. (b) 137.8°, stable. 
10.21 85.2 Ib - ft ). 10.112 (a) 22.0°. (b) 30.6°. 
10.22 22.8 lb 27 70.0°. 10.C1_ 6 = 60°: 2.42 in; 9 = 120°: 1.732 in.; 
10.24 36.4°. (M/P) max = 2.52 in. at 9 = 73.7°. 
10.25 38.7°. 10.C2 6 = 60°: 171.1 N C. For 32.5° = 6 = 134.3°, |F| = 400 N. 
10.26 68.0°. 10.C3 6 = 60°: 296 N T. For 0 = 125.7°, |F| = 400 N. 
10.28 19.81° and 51.9°. 10.C4 (b) 6 = 60°, datum at C: V = 9294 in: lb. 
10.30 25.0°. (c) 34.2°, stable; 90°, unstable; 145.8°, stable 
10.31 39.7° and 69.0°. 10.C5 (b) 8 = 50°, datum at E: V = 100.5 J. dV/dé = 22.9 J. 
10.32 52.2°. (c) 6 = 0, unstable; 30.4°. 
10.33 40.2°. 10.C6_ (b) 6 = 60°, datum at B: 30.0 J. 
10.35 22.6°. (c) @ = 0, unstable; 41.4°, stable. 
10.36 51.1°. 10.C7 (b) 6 = 60°, datum at 6 = 0: —37.0 J. (c) 52.2°, stable. 
10.37 52.4°. 
10.38 19.40°. 
10.39 59.0°. CHAPTER 11 
10.40 78.7°, 324°, 379°. 11.1 —66.0 m, 149.0 m/s, 228 m/s”. 
10.43 12.03 kN. 11.2 3.00 m, —7.00 m/s. 
10.44 20.4°. 11.3 3.00 s, —59.5 ft, 25.0 ft/s*. 
10.45 2370 IbN. 11.4 248 in., 72.0 in./s, —383 in./s?. 
10.46 2550 IbN. 11.5 0.667 s, 0.259 m, —8.56 m/s. 
10.47 » = 1/(1 + p cot a) 11.6 (a) 1.000 s and 4.00 s. (b) 1.500 m, 24.5 m. 
10.49 37.6. N, 31.6N. 11.9 (@ 4.00 s. (b) —56.0 m/s, 260 m. 
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11.10 x = t'/108 + 10t + 24, v = ¢°/27 + 10. 11.77 (a) 18.00 s. (b) 178.8 m, (c) 34.7 km/h. 
11.11 —33.0 in./s, 2.00 s, 87.7 in. 11.78 (b) 3.75 m. 
11.12 (a) 3.00 ft/s*. (b) v = (8 — 32) ft/s, 11.79 (a) 2.00 s. (b) 1.200 ft/s, 0.600 ft/s. 

x = (4/4 — 32t + 64) ft. 11.80 (a) 5.01 min. (b) 19.18 mi/h. 
11.15 (a) 5.89 ft/s. (b) 1.772 ft. 11.83 (a) 2.96 s. (b) 224 ft. 
11.16 —36.8 ft?, 1.832 s~?. 11.84 (a) 163.0 in./s”. (b) 114.3 in./s?. 
11.17 (a) 0.0900 s~*. (b) £16.97 mm/s. 11.86 104 ft. 
11.18 (a) 48.0 m?/s*. (b) 21.6 m. (c) 4.90 m/s. 11.89 (a) 8.60 mm/s SG 35.5°, 17.20 mm/s” 2 35.5°. 
11.21 (a) 22.5 m. (b) 38.4 m/s. (b) 33.4 mm/s & 8.6°, 39.3 mm/s? 2 14.7°. 
11.22 (a) 29.3 m/s. (b) 0.947 s. 11.90 (a) 0, 159.1 m/s” Sx 82.9°. (b) 6.28 m/s =, 157.9 m/s” |. 
11.23 (a) 50.0 in. (b) %. (c) 0.866 s. 11.91 (a) 5.37 m/s. (b) t = 2.80 s, x = —7.56 m, y = 5.52 m, 
11.24 3.33 ft/s. v = 5.37 m/s” Ss 63.4°. 
11.25 (a) 0.1457 s/m. (b) 145.2 m. (c) 6.86 m/s. 11.92 (a) 2.00 in./s, 6.00 in./s. (b) For Opin, £ = 2Na s, x = SNz in., 
11.26 (a) 3.33 m. (b) 2.22 s. (c) 1.667 s. y = 2in., v = 2.00 in./s > or 2.00 in./s —, 
11.27 (a) 7.15 mi. (b) —2. : xX 10° ft/s”. (c) 49.9 min. For Umax, € = (2N + las, x = 4(2N + 1)z, y = Gin, 
11.28 (a) —0.0525 m/s”. (b) 6.17 s. v = 6.00 in./s — or 6.00 in./s —. 
11.31 (a) 2.36 voT, ae . 0.363 vo. 1.95 VR(1+ 27) +0 tof + wt’. 
11.33 (a) 1.500 m/s”. (b) 10.00 s. 11.96 (a) 3.00 ft/s, 3.61 ye . (b) 3.82 s. 
11.34 (a) 25.0 m/s. (b) 19.00 m/s. (c) 36.8 m. 11.97 353 m. 
11.35 (a) 2.71 s. (b) 50.4 mi/h. 11.98 (a) 15.50 m/s. (b) 5.12 m. 
11.36 (a) 252 ft/s. (b) 1076 ft. 11.99 15.38 ft/s S vp S 35.0 ft/s. 
11.39 (a) 0.500 km. ) 42.9 eae 11.100 (a) 70.4 mi/h < vy < 89.4 mi/h. (b) 6.89°, 4.29°. 
11.40 (a) —2.10 m/s”, 2.06 m/s”. (b) 2.59 s before A reaches the 11.101 (a) 2.87 m > 2.43 m. (b) 7.01 m from the net. 

exchange zone. 11.102 0.244 m <= h = 0.386 m. 
11.41 (a) 15.05 s, 734 ft. (b) — mi/h, 23.7 mi/h. 11.103. 726 ft or 242 yd. 
11.42 (a) 5.50 ft/s". (b) 9.25 ft/s . 11.104 0 <d < 1.737 ft. 
11.43 (a) 3.00 s (b) 4.00 ft/s". : 11.105 23.8 ft/s. 
11.44 (a) —0.250 m/s’, 0.300 ee | 20.8 s. (c) 85.5 km/h. 11.106 (a) 29.8 ft/s. (b) 29.6 ft/s. 
11.46 (a) 17.36 ft/s” % 3.47 ft/s” % (b) 20.1 ft. (c) 9.64 ft/s. Sj, = 14 A8 ah 
11.47 (a) 2.00 m/s f. ( (b) 2.00 nn is ) 8.00 m/s fF. HA? 0G ys = y= ee ns 

: 11.108 0.678 m/s S vp S 1.211 m/s. 
11.48 (a) 20.0 m/s” >, 6.67 m/s” J. (b) 13.33 m/s |, 13.33 m J. ILIN. (@ 490°. (b) 963 fe. (c) 16.24 s 
11.49 (a) 30.0 ft/s t. ( (b) 15.00 ft/s f. (c) 45.0 ft/s T. (d) 30.0 ft/s f. W112 aces a diene ei 
11.50. (a) 2.40 ft/s, - ft/s? |. (b) 12.00 ft/s f. ANZ Cay EG a ODES 
11.53 (a) 200 mm/s =. (b) 600 mm/s =>. (c) 200 mm/s <—. M.1T3 (a) 10.38°. (b) 9.74°. 
; 11.115 (a) 45.0°, 6.52 m. (b) 58.2°, 5.84 m. 

(d) 400 mm/s >. es . 

11.54 (a) 13.33 mm/s? —, 20.0 mm/s? <. (b) 13.33 mm/s? >. M7 (a) 1.540 m/s <2 38.6°. (b) 1.503 m/s <2 58.3°. 
: ‘ 11.118 5.05 m/s Sx 55.8°. 

Oa NS : 11.119. 1.737 knots “G 18.41°. 

ie aie 11.120 (a) 2.67 mi/h 37 12.97°. (b) 258 mi/h <2 76.4°. 
(c) 65 m SG 40°. 

11.56 : . oe 345 mm/s” 1. (b) 130 mm/s =, 43.3 mm/s 7. 11.123 (a) 8.53 in./s Sv 54.1°. (b) 6.40 in./s* SS 54.1°. 
11.57 (a) 2.00 in. /s , 3.00 in/s? |. (b) 0.667 s. (c) 0.667 in. f. M124 (a) #0l in./s oe ©) 11.69 in./s" = ae 
11.58 (a) (1 — 622)/4 in./s?. (b) 9.06 in. 11.125 (a) oe inns a (b) 8.35 mm/s SS 5 : 
11.61 (a) Corresponding values of (¢, v, x) are (0, —18 ft/s, 0) 11.126 (a) 0.958 m/s’ “5 23.6°. (b) 1.917 m/s “G 23.6°. 


11.127 10.54 ft/s & 81.3°. 

11.128 (a) 5.18 ft/s SX 15°. (b) 1.232 ft/s SX 15°. 
11.129 17.49 km/h 4 59.0°. 

11.130 15.79 km/h SG 26.0°. 

11.133 28.0 m/s. 

11.134 (a) 250 m. (b) 82.9 km/h. 

11.135 1815 ft. 

11.136 59.9 mi/h. 

11.137 (a) 20.0 mm/s”. (b) 26.8 mm/s”. 

11.138 (a) 178.9 m. (b) 1.118 m/s”. 

11.139 2.53 ft/s”. 

11.141 15.95 ft/s”. 

11.143 (a) 281 m. (b) 209 m. 

11.144 (a) 7.99 m/s & 40°. (b) 3.82 m. 

11.145 (a) 6.75 ft. (b) 0.1170 ft. 

11.146 (a) 1.739 ft. (b) 27.9 ft. 

11.147) pg = vp/9v,. 

11.148 18.17 m/s 4 4.04° and 18.17 m/s SG 4.04°. 
11.151 (R? + c?)/2@,R. 


(4 s, —6 ft/s, —45 ft), (10 s, 30 ft/s, 24 fb), (20 s, —20 ft/s, 
74 ft). (b) 12 ft/s, 74 ft, 176 ft., 20.0 ft/s 

11.62 See Prob. 11.61 for plots. (a) 30.0 ft/s. (b) 30 ft/s, 114 ft. 

11.63 (a2) 0<t<10s,a =0;10s <t < 26s,a = —5 ft/s’; 
26s <t<4ls,a=0;41s5 <t < 465,a =3 ft/s’; 
t>46s,a = 0;x = —540 ft at t = 0,x = 60 ft att = 10s, 
x = 380 ft att = 26s, x = 80 ft att = 41 s, x = 17.5 ft at 
t = 46s,x = —2.5 ft att = 50s. (b) 1383 ft. (c) 9.00 s, 49.5 s. 

11.64 (a) Same as Prob. 11.63. (b) 420 ft. (c) 10.69 s, 40.0 s. 

11.65 (a) 44.8 s. (b) 103.3 m/s? f. 

11.66 207 mm/s 

11.67 (a) 10.5 s. (b) v-t and x-t curves. 

11.69 3.96 m/s”. 

11.70 (a) 0.600 s. (b) 0.200 m/s, 2.84 m. 

11.71 9.39 s. 

11.72 8.54 s, 58.3 mi/h. 

11.73 1.525 s. 

11.74 (a) 50.0 m/s, 1194 m. (b) 59.25 m/s. 
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11.152 
11.153 
11.154 
11.155 
11.156 
11.157 
11.158 
11.161 
11.162 
11.163 
11.165 


11.166 
11.169 
11.170 
11.171 
11.172 
11.175 
11.176 
11.180 
11.181 


11.182 
11.184 
11.185 
11.186 


11.187 v4 


11.189 
11.190 
11.193 


2.50 ft. 

25.8 X 10° km/h. 

12.56 X 10° km/h. 

153.3 X 10° km/h. 

92.9 X 10° mi. 

885 X 10° mi. 

1.606 h. 

(a) 3b e4, —47°b e,. (b) 0 = 2Na, N = 0, 1, 2 

(a) 2bw, 4ba’. (b) p = b, a circle. 

(a) —(67r in./s”)e,, (80 a in./s”)eg. (b) 0 

(a) (2a m/s) ep, —(477? m/s”e,. 

(b) —(a7/2 m/s)e, + (a m/s)eg, —(77/2 m/s*)e, — (7 m/s”)ey 

(a) 2abt, 2abV1 + 4b7t*. (b) p = a(circle). 

d@ tan B sec B/(tan B cos @ — sin 6)”. 

vo cos B (tan B cos 6 + sin 6)*/h. 

185.7 km/h. 

61.8 mi/h, 49.7°. 

(ba? /@)V 4 + 64. 

(1 + b?) we”. 

tan |[R(2 + wxt?)/eV4 + wyt? ot 

(a) 0, = 90°, 8, = 123.79, 8. = 33. 

6, = 134.3°, 6, = 47.4°. 

(a) 1.00 s, 4.00 s. (b) 1.50 m, 24.5 m. 

(a) —2.43 X 10° ft/s. (b) 1.366 X 107° s 

(a) 11.62 s, 69.7 ft. (b) 18.30 ft/s. 

(a) 3.00 s. (b) 56.25 mm above its initial position. 

= 12.5 mm/sT, vg = 75 mm/s J, 

vc = 175 mm/s |. 

17.88 km/h & 36.4°. 

2.44 ft/s?. 

t = 120 m/s, * = = 34.8 m/s", 6 = —0.0900 rad/s, 
= —0.0156 rad/s°. 


°. (b) 0. = 103.4°, 


CHAPTER 12 


12.1 


12.2 
12.3 
12.5 
12.6 
12.7 
12.8 
12.9 
12.10 
12.11 
12.12 
12.15 
12.16 
12.17 
12.19 


12.20 
12.21 
12.22 
12.24 
12.26 
12.27 
12.28 


(a) 4.987 lb at 0°, 5.000 Ib at 45°, 5.013 Ib at 90°. (b) 5.000 Ib 
at all latitudes. (c) 0.1554 lb - s?/ft at all latitudes. 
(a) 3.24 N. (b) 2.00 kg. 

1.300 X 10° kg « m/s. 

(a) 6.67 m/s. (b) 0.0755. 

(a) 225 km/h. (b) 187.1 km/h. 

0.242 mi. 

(a) 135.3 ft. (b) 155.8 ft. 

419 N to start and 301 N during sliding. 

0.414 m/s? SG 15°. 

(a) A: 2.49 m/s* —, B: 0.831 m/s" |. ( bh) 74.8 N. 
(a) A: 0.698 m/s” —, B: 0.233 m/s” a oe 79.8 N. 
(a) 0.986 m/s” Sx 25°. (b) 51.7 N. 

(a) 1.794 m/s? Sx 25°. (b) 58.2 N. 

(a) 0.997 ft/s? 2 15°, 1.619 ft/s? 2 15°. 

System I: (a) 10.73 ft/s”. (b) 14.65 ft/s. (c) 1.864 s. 
System 2: (a) 16.10 ft/s?. 4 17.94 ft/s. (c hci s. 
System 3: (a) 0.749 ft/s”. (b) 3.87 ft/s. (c) 26.7 s. 
(a) 1.962 m/s” t. (b) ae 

(a) 6.63 m/s? —. (b) 0.321 m >. 

(a) 19.53 m/s? 2 65°. (b) 4.24 m/s? 7 65°. 

0.347 movo/Fo. 

Vk/m (VE + x2 — 1). 

119.5 mi/h. 

(a) 33.6 N. (b) a, = 4.76 m/s” >, ag = 3.08 m/s” J, 
ac = 1401 m/s? —. 


12.29 
12.30 


12.31 
12.36 
12.37 
12.38 
12.40 
12.42 
12.43 
12.44 
12.45 
12.46 
12.47 
12.48 
12.49 
12.50 
12.51 
12.53 
12.55 
12.56 
12.57 


12.58 


12.61 


12.62 


12.64 
12.65 
12.66 


12.67 
12.68 


12.69 
12.70 
12.71 


12.76 
12.79 
12.80 
12.81 
12.82 
12.84 
12.86 
12.87 
12.88 
12.89 
12.90 
12.91 
12.98 
12.99 
12.103 
12.104 
12.105 
12.108 
12.109 
12.110 


(a) 36.0 N. (b) a, = 5.23 m/s" >, ap = 2.62 m/s” J.ac = 0. 
(a) ay = ay = ap = 2.76 ft/s” |, ac = 11.04 ft/s? F. 

(b) 18.80 lb. 

(a) 24.2 ft/s |. (b) 17.25 ft/s f. 

(a) 80.4 N. (b) 2 - m/s. 


(a) 49.9°. (b) 6.85 N. 

8.25 ft/s. 

2.77 m/s < v < 4.36 m/s. 

9.00 ft/s < vg < 12.31 ft/s. 

2,42 ft/s <v < 13.85 ft/s. 

(a) 131.7 N. (b) 88.4.N. 

(a) 553 N. (b) 659 N. 

(a) 668 ft. (b) 120.0 Ibf. 

(a) 6.95 ft/s” SS 20°. (b) 8.87 ft/s? SG 20°. 
(a) 2.905 N. (b) 13.09°. 

1126 N & 25.6°. 

941° = 6 = 155.9°. 

(a) 43.9°. (b) 0.390. (c) 78.8 km/h. 

(a) 0.1858 W. (b) 10.28°. 

468 mm. 

2.36 m/s S v S 4.99 m/s. 

(a) 0.1904, motion impending downward. 
(b) 0.349, motion impending upward. 

(a) Does not slide. 1.926 Ib SX 80°. 

(b) Slides downward. 1.123 Ib Sx 40°. 

(a) 0.1834. (b) 10.39° for impending motion to the left., 
169.6° for impending motion to the right. 
(a) 2.98 ft/s. (b) 19.29° for impending motion to the left. 


160.7° for impending motion to the right. 
1.054V eV/v>. 

1.333 1. 

(a F, = —10.73 N, Fy = 0.754 N. 


(b) F. = —4.44.N, Fy = 1.118 N. 
F, = 0.0523 N, Fy = 0.432 N. 


(a) F, = —1.217 lb, Fy = 0.248 lb. 

(b) F. = —0.618 lb, Fy = —0.0621 lb. 

(a) me*(ro — kt) #2. (b) melry — 3kt). 
00s. 


(5.76 N) tan? 6 sec? @ > 
vo, = v0 sin 20/V cos 20. vg = vo Vcos 20. 
(a) r = (g7°R’/4t7”) Ys. (b) g = 24.8 m/s. 


2. 
P = (5.76 N) tan 0 sec On6 
Q= 


(a) 35800 km and 22240 mi. (b) 3070 m/s and 10090 ft/s. 
4.13 X 107! Ib - s?/ft. 

(a) 1 hr 57 min. (b) 3380 km. 

(@ 86.9 X 10° kg. (b) 436000 km. 

(a) 5280 ft/s. (b) 8000 ft/s. 

(a 


1) 1551 m/s. (b) 15.8 m/s. 
5000 m/s. 
53 ft/s. 
(a) At A (a4), = 0, (a4)p = 0. (b) 1536 in./s®. (c) 32.0 in./s. 
(a) 24.0 in./s. (b) a, = —258 in./s*, ag = 0. (c : —226 in./s*. 


10.42 km/s. 

(a) 10.13 km/s. (b) 2.97 km/s. 

(a) 26.3 X 10° ft/s. (b) 448 ft/s. 

V2/(2+ a). 

(a) 52.4 X 10° ft/s. (b) 1318 ft/s at A, 3900 ft/s at B. 
98.0 h. 

4.95 h. 

54.0°. 
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12.112 


12.114 co 


12.115 
12.116 
12.118 
12.119 
12.120 
12.121 
12.122 
12.124 
12.125 
12.127 


12.128 
12.129 


12.131 
12.132 


5.31 X 10° km. 

s ‘(1 — np*)/(. — By]. 

81.0 m/s. 

(a) 14.37°. (b) 59.8 km/s. 

Show... . 

(a) (r, — ro)/(r, + 9). (b) 609 X 10 m 
Show... . 

Derive .... 

267 ft. 

(a) 1.656 lb. (b) 20.8 Ib. 

(a) 20.49 ft/s? 27 30°. (b) 17.75 ft/s? >. 

(a) 0.454, downward. (b) 0.1796, downward. 
(c) 0.218, upward. 

(a) F. = —13.16 lb, Fy = 2.10 lb. 

(b) P = 6.89 lb SS 70°, Q = 14.00 Ib & 40°. 
v, = 2wvo sin 20, vg = vo cos 26. 
(a 
i 


1) 
147. 


CHAPTER 13 


13.1 
13.2 
13.5 
13.6 
13.7 
13.8 
13.9 
13.10 
13.13 
13.14 
13.15 


13.16 


13.21 
13.22 
13.23 
13.24 
13.25 
13.26 
13.27 
13.29 
13.31 
13.33 
13.35 
13.36 
13.38 
13.39 
13.40 
13.41 
13.42 
13.44 
13.46 
13.49 
13.50 
13.51 
13.52 
13.53 
13.54 
13.55 
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a) 585 kj. (b) 41.0 km/h. 

4.54 X 10° ft - Ib. 

(a) 69.6 mi/h. (b) 56.9 mi/h. 

(a) 32.8 mi/h. (b) 142.5 mi/h. 

4.05 m/s. 

2.99 m. 

(a) 8.57 m/s & 15°. (b) 5.30 m/s & 15°. 

(a) 8.70 m. (b) 4.94 m/s 2 15°. 

6.71 m. 

(a) 2.90 m/s. (b) 0.893 m. 

(a) 124.1 ft. (b) Fan = 19.38 kips (tension), 
Fgc¢ = 81.62 kips (tension). 

(a) 279 ft. (b) Fax = 19.38 kips (compression), 
Fc = 8.62 kips (compression). 

a 2.34 m/s <—. (b) 235 mm. 

(a) 45.7 J. (b) Ty = 83.2 N, Ty = 60.3 N. 

(a) 10.36 ft/s |. (b) 17.94 ft/s J. 

(a) 11.35 ft/s 2 23.6°. (b) 16.05 ft/s 2 23.6°. 
1.190 m/s. 

(a) 2.32 ft/s. (b) 2.39 ft/s. 

(a) 0.222 ft. i Block moves to the right. 

(a) 3.29 m/s. (b) 1.472 m. 

(a) 0.750 in. |. rs 8.51 in./s? orl. 

0.759 V paA/m. 

1/[L = (wo — 07) /2g Bul. 

1515 yd. 

(a) 32.7 mm, 98.1 N 7. (b) 30.4 mm, 104.9 N 7. 
(a) V3el. (b) V2<. 

14.00°. 

167.0 lb. 

minimum = 167.0 Ib, maximum = 1260 lb. 
(a) 27.4°. (b) 3.81 ft. 

(a) 20.2 ft - Ib/s. (b) 118.7 ft - Ib/s. 

(a) 109.0 kW, 146.2 hp. (b) 530 kW, 711 hp. 
(a) 2.75 kW. (b) 3.35 kW. 

14.8 kN. 

(a) 3000 Ib. (b) 2 
(a) 375 kW. (b) 5 
(a) 58.9 kW. (b 4 
(a) kyko/(ky + 


67 hp. 
.79 km/h. 
52.9 kW. 

ky). (b) ky + ko. 


r = 1.250 ft, Fy = 0. (b) r = 0.871 ft, Fy = —2.69 lb. 


13.56 
13.57 
13.58 
13.59 
13.61 
13.62 
13.64 
13.65 
13.68 
13.69 
13.70 
13.71 
13.73 
13.74 


13.75 


13.78 


13.80 
13.81 
13.82 


13.85 
13.86 
13.87 
13.88 
13.89 
13.90 
13.93 
13.94 
13.95 
13.96 
13.97 


13.100 
13.101 
13.102 
13.103 
13.106 
13.107 
13.108 
13.109 
13.110 
13.111 


13.116 (b) 


13.118 
13.119 
13.120 
13.121 
13.122 
13.123 
13.124 
13.126 
13.127 
13.129 
13.130 
13.131 
13.132 
13.134 
13.135 


(a) xo kika/m(ky + ka). (b) xoV (ky + ke) /m. 
3.19 m/s > or 3.19 m/s <—. 

(a) 3.34 ft/s. (b) 27.7 ft/s”. 
56.7 ft/s. 

(a) 87.2 m/s. (b) 105.8 m/s. 

(a) 1000 mm. (b) 4.42 m/s. 

(a) 0.956 ft. (b) 7.85 ft/s. 

(a) 43.5°. (b) 8.02 ft/s J. 

0.269 m. 

0.1744 m. 

(a) 2.55 N. (b) 6.96 N. 

(a) 8.15 N. (b) 2.94.N. 

14.34 ft/s —, 13.7 Me 

(1): (a) 7.99 m/s. (b eee 
: (a) 7.67 Eee 3.92 Me <. 


F,= aloe + y? a: 2°), » av. 
(a) 90.46 J. (b) 2086 J. 

57.5 MJ/kg, 

15.65 X 10° mi/h. 

450 X 10° ft - nee 

(a) mgR(L — sue b) mgR 7/29. (c 
(a) 33.9 MJ/kg. (b) 46.4 MJ/kg. 
(a) 0.919 m/s. (b) Hee m/s. 

(a) 7.35 m/s. (b) 11.02 m/s. 
v, = 9.05 ft/s, vg = 9.14 ft/s. 
(a) 25.3 in. (b) 7.58 ft/s. 
maximum: 1.661 m, minimum: 0.338 m, 

maximum: 25.6 m/s, minimum: 5.21 m/s. 

14.20 kin/s. 

29.8 m/s. 

21.8 X 10° ft?/s? 

(a) 16800 ft/s. (b) 32700 ft/s. 

1555 m/s, 79.3°. 

maximum: ro(1 + sin a), minimum: ro(1 — sin a) 
68.9°. 

(a) 11.32 X 10° ft/s. (b) 13.68 X 10° ft/s. 

58.9°. 

(a) 31.5 m/s. (b) 1053 m/s. 

Vese V a/ (1 + @&) S 09 S Vege V1 + @)/(2 + a). 
(a) h = pin Umax, E/m = = GM/Piin- 

(a) 3.40 s. (b) 25.5 s. 

4 min 20 s, 

(a) 3.11 s. (b) 1.493 s. 

(a) 11.42 s. (b) —(125.5 m/s)j — 
(a) 2.49 s. (b) 12.24 s. 

2.61 s. 

0.260. 

0.310. 

(a) 14.78 s. (b) 693 Ib (tension). 
(a) 29.6 s. (b) 2500 lb (tension). 
(a) 19.60 s. (b) 10.20 kN (compression). 
(a) 3.92 m/s. (b) 39.2 N. 
(a) 
(a) 


c) mgR(1 — R/2r). 


1,2 
Umax 


(194.5 m/s)k 


a) 29.0 ft/s. (b) 77.3 ft/s. 
a) 77.3 ft/s. (b) 5.40 s. 


13.136 
13.137 
13.139 
13.140 
13.141 
13.142 
13.145 
13.146 
13.147 
13.148 


13.149 


13.150 
13.151 
13.152 
13.154 
13.155 
13.157 
13.158 
13.159 
13.160 


13.163 
13.165 
13.166 
13.167 
13.168 
13.169 
13.170 
13.173 
13.174 
13.175 


13.176 
13.177 
13.178 
13.179 
13.183 
13.184 
13.185 
13.188 
13.190 
13.191 
13.194 
13.196 
13.197 
13.199 


13.200 (1 


(a) 5.00 s. (b) 49.9 ft/s. (ec 
(a) 7.00 s. (b) 10.99 Rs. ( 
8.18%. 

6.21 W. 

642 lb. 

(a) 3730 Ib. (b) 7450 Ib. 

(a) 1.333 km/h <. (b) 0.1888 s. 

(a) A was going faster. (b) 115.2 km/h. 


) 17.88 s. 
) 13.49 s. 


(a) 8.51 km/h. (b) 6.67 N. 
497 ft/s. 
(a) A: vp VL* = a?/2L, B: vp V L? + 3a°/2L. 
(b) mv2 (L? — a?)/4L7. 
(a) 0.618 ft/s. (b) 3.04 ft/s. 
(a) 1.000 m/s 7. (b) 0.500 N - sf. 
mMvy cos 6/(m + M) >, mtg sin 6 f. 
76.9 |b. 
(a) vA = 0.363 m/s <—, vg = 2.44 m/s —. (b) 4.13 J. 
0.800. 
(a) v4 = 10.38 ft/s 3, vz = 7.38 ft/s —. (b) 
A: 1. i m/s <, B: 0.338 m/s <—, C: 0.150 m/s <—. 
(a) u voll e)/2, vg = Vol +e )/2. 
(b) a ee 7/4, vk = voll — e)?/4. 
i vl = vel +e)” /2", (d) 0.881 vp. 
0.728 =e = 0.762. 
vi = 6.37 m/s & 77.2°, vg = 1.802 m/s 2 40°. 
vi = 3.00 m/s 27 40°, vi = 3.00 m/s 2 40°, 
(a) v4 = 0.848 vy SG 27.0°, vz = 0.456 vy 2 57.6°. 
(a) 70.0°. (b) 0.972 ft/s >. 
0.857. 
15.94 m. 
(a) 22.5°. ©) 21.3°, 


0.258. (b) 4.34 m/s. 
) 0. 0720 ft. (b) 72.2 lb/ft. 
e= ae (b) 0.200 ft. (e) 0.263 ft. 


401 mm. es 410 N<s 
1) 0.923. (b) 1.278 m. 
vi, = 1.093 ft/s — vz = 3.28 ft/s >. 
1.688 ft - lb. 
(a) 533 lb/ft. (b) 37.0 ft. 
12900 ft/s. 
65.0 KN. 
0.707 a. 
(a) 1.368 m/s. (b) 
+ e)?/4. 


0.668 m. (c) 1.049 m. 


CHAPTER 14 


14.1 
14.2 
14.3 
14.4 
14.7 


14.8 
14.9 


(a) 1.417 m/s =. (b) 1.417 m/s >. 

(a) 10.00 kg. (b) 1.200 m/s >. 

(a) 9.20 ft/s —. (b) 9.37 ft/s — 

(a) 2.80 ft/s <—. (b) 0.229 ft/s <. 

(a) A: 1.288 m/s <—, B: 0.312 m/s =, C: 1.512 m/s >. 
(b) A: 0.956 m/s <—, B: 0.0296 m/s <—, C: 1.552 m/s >. 
0.294 m/s <—. 


—(31.2 kg +m 2/s)i — (64.8 kg + m* */s)j (48.0 kg + m* 2/s)k 


0.0611 ft + lb. 


a eee = vz = 0. b) vs vA= 1.201 ‘aie >, VER = 0.400 m/s >. 


14.10 


14.13 


14.14 
14.15 
14.16 
14.17 
14.18 
14.21 
14.22 
14.23 
14.24 
14.31 
14.32 
14.33 
14.34 
14.37 
14.38 


14.39 
14.40 
14.41 
14.42 
14.45 
14.46 
14.49 
14.50 
14.51 
14.52 
14.53 
14.54 
14.57 
14.58 
14.59 
14.60 
14.63 
14.67 
14.68 
14.69 
14.70 
14.71 
14.73 
14.74 
14.75 
14.77 
14.78 
14.79 
14.80 
14.84 
14.85 
14.86 


14.87 
14.88 
14.89 
14.90 
14.92 
14.93 


a) (0.600 m)i + (1. oie m)j + (1.525 ve 
b) —(26.0 kg - m/s)i (14.00 kg - m/s)j 
) —(29.5 kg « m ane (16.75 kg + m oy 


A 00 kg + m/s)k. 
(3.20 kg + m°/s)k. 


a) v = —0.750 ft/s, v, = 0.4375 ft/s. 

b) —_ = —(3.39 ft - Ib < s)i. 

) vy, = 8.33 ft/s, v, = 7.25 ft/s. (b) Ho = —(4.51 ft - Ib - s)k. 
(480 ft)j + (480 ft)k. 

400 ft)i — (258 ft)j + (32.0 ft)k. 


1004 m)i — (48.7 m)j. 

503 m)i — (547 m)j. 

a) 8.50 ft/s. (b) 3.95 ft/s. 

a) 6.05 ft/s. (b) 6.81 ft/s. 

26.0 m)i + (125.4 m)k. 

v4 = 919 m/s, vg = 717 m/s, vc = 619 m/s. 

(a) 42.2 J. (b) 5.10 J. 

(a) 264 J. (b) 352 J. 

woman: 382 ft - Ib, man: 447 ft - lb. 

(a) 1116 ft - lb. (b) 623 ft - lb. 

(a) vg = Mavo/(m4 + mg) >. (b) h = mpvo/28 (ma + mg). 

(a) V4 = 0.200 ty —, Vz = 0.693 vp <7 30°, 

Vo = 0.693 v9 30°. (b) v4 = 0.250 v9 2 60°, 

V5 = 0.866 v9 2 30°, ve = 0.433 vy S 30°. 

va = 10.61 ft/s, vg = 5.30 ft/s, ve = 9.19 ft/s. 

va = 7.50 ft/s, vg = 9.19 ft/s, v¢ = 9.19 ft/s. 

vy = 4.11 m/s 2 46.92, vg = 17.39 m/s % 16.7°. 
va = 12.17 ae 2 25.3°, v Mi = 9.17 m/s SG 70.9°. 
(60.0 east (60.0 ell (390 m/s)k 


( 
( 
( 
( 
( 
( 
(4320 ft)i + 
( 
( 
( 
(a) 
( 
(2 


= (2.4 m/s)i + (1.8 m/s)j (b) 600 mm. i 20.0 rad/s. 
vp = 7.20 ft/s os 53.1°, vo = 7.68 ft/s —>. (b) 42.0 in. 
(a) va = 7.20 ft/s |, vp = 9.00 ft/s <2 53.1°. (b) 74.0 in. 


( 0 

(a) 

(a) v4 = 2. 56 nie Wi vg = 2 24 m/s SG 31.9°. (b) 2.34 m. 
(@) vo 

(a) 


4.18 m/s. 

90.6 N <—. 

(a) F, = 3280 lb. (b) F, = 6450 |b. 

C = 161.7N17, D, = 154.8 N-, D, = 170.2 Nf. 
(a) 61.1 m/s. (b) 59.8 N SX 49.0°. 

Cy = 90.0 N, C, = 2360 N, D, = 0, D, = 2900 N. 
36.9 kN. 


251 Ib/s. 

(a) 9690 lb, 3.38 ft. (b) 6960 lb, 9.43 ft. 
1.096 m. 

7180 lb. 

(a) 516 mi/h. (b) 391 mi/h. 

(a) 15.47 kj/s. (b ) 0.323. 

(a) 80.0 kf/s. (b she km/h. 

(a) 15450 hp. a 28060 hp. (c (c) 0.551. 
(a) 109.5 ft/s. (b) 3100 ft?/s. (c) 43800 ft - Ib/s 
646 ft?/s. 

(a) P = qv. 

Case 1. ia ) 0.333 g J. (b)0. 817V gl a, 


ae 2. (a ) gy/l. ( (b) Val J. 
) (m/D(v? + gy). (b)1 ng(l — y/))t. 

(a) mgy/l. (b) (m/l) [gL y) +o }f. 

10.10 ft/s. 

4.75 ft/s. 

533 kg/s. 

(a) 90.0 m/s?. (b 


~ 


) 35.9 X 10° km/h. 


1319 


14.94 (a) 31.9 m/s” f. (b) 240 m/s? f. 
14.95 4410 lb. 
14.96 3960 ft/s. 
14.97 7930 m/s. 
14.98 (a) 1800 m/s. (b) 
14.99 186.8 km. 
14.100 (a) 31.2 km. (b) 197.5 km. 
14.106 (a) 5.20 km/h. (b) 4.00 km/h. 
14.107 (a) va = Vp = Vo = 0.400 mi/h >. 
) vs va = Vg = 1.68 mi/h <—, vc = 4.56 mi/h -. 


9240 m/s. 


14.109 = 15.38 ft/s >, vg = 5.18 ft/s —. 
14.111 o qvo <—. (b) V2gh Ss 30°. 


14.112 1.712 kN 7 at C,2.29kNf at D. 

14.113 414 rpm. 

14.114 v'/g. 

14.115 (a) mo + qty = met! (b) vp, = voe EL 


CHAPTER 15 


15.1 (a) 0, 15.00 rad/s, 18.00 rad/s”. 
(b) —9.00 rad, —12.00 rad/s”, 0 
15.2 1.000 s, 7.00 rad, —12.00 rad/s’; 
5.00 s, —25.0 rad, 12.00 rad/s”. 
15.3 (a) 0, 0, 0. (b) 6.00 rad, 4.71 rad/s, —3.70 rad/s”. 
15.4 1.243 rad, 3.33 rad/s, 4.79 rad/s’. 
15.5 (a) 0, 0.1000 rad/s, —0.0250 rad/s”. 
(b) 0.211 rad, 0.0472 rad/s, —0.01181 rad/s”. 
(c) 0.400 rad, 0, 0. 
15.6 (a) 4.00 s~*. (b) 5.29 rad/s. 
15.9 (a) 12.73 rev. (b) ©. (c) 18.42 s. 
15.10 —(0.400 nie i — (1.400 m/s)j — (0.700 ah 


(8.40 m/s*)i a 30 m/s”)j — (11.40 m/s)k 


15.11 —(0.400 ca (0.700 m/s)k 
—(2.00 m/s?)i — (6.50 m/s”) i - ie la 
15.12 —(0.450 m/s)i — (1.200 mtn 1.500 ee 
(12.60 m/s”)i + (7.65 m/s°)j j a m/s)k 
15.13. (0.750 m/s)i + (1.500 m/s)k - 75 m/s*)i 
(11.25 m/s°)j + (3.00 m/s")k 


15.16 (a) 1525 ft/s, 0.1112 ft/s”. (b) oe sie 0.0852 ft/s”. 
15.18 (a) 0.0600 m/s”. (b) 0.0937 - :) 0.294 m/s”. 
15.19 (a) 6.00 m/s”. (b) 9.98 m/s”, a ; m/s. 
15.21 (a) 2.50 rad/s 5, 1.500 acy . (b) 38.6 in./s” SB 76.5°. 
15.22 12.00 rad/s? ) 
15.24 (a) 6.28 m/s, oe m/s”. (b) 0.628 m/s, 15.80 m/s”. 
15.25 (a) 120 rpm, 275 rpm. (b) 23.7 m/s”. t, 19.90 m/s” J. 
15.27 (a) 10.00 rad/s 5. (b) 7.50 mfg J, 3.00 m/s? J. 
(c) 4.00 m/s? J. 
15.28 (a) 3.00 rad/s* J ae 4.00 s. 
15.29 (a) 1.707 rad/s” 5. (b) 6.83 rad/s 5. 
15.30 (a) 2.25 rev. (b) le m/s), 3.llm\J. 
(c) 849 mm/s” 2 32.0°. 
1) 
i 
1) 


15.31 (a) 1.152 m/s f, 2.30 m f. (b) 1.728 m/s |, 3.46 m |. 
15.32 Disk A: 5.41 rad/s}; Disk B: 1.466 rad/s? 5 

15.33 (a) 10.39 s. (b) Disk A: 413 rpm J; Disk B: 248 rpm 5. 
15.35 (a) Disk A: 2.36 rad/s” ); Disk B: 4.19 rad/s” ). (b) 6.00 s. 


15.36 bv? /2mr° ). 
15.37 bws/2m0 >. 
15.38 (a) 0.378 rad/s ). 
15.39 (a) 0.615 rad/s v4 
15.40 (a) 2.26 rad/s le 
15.41 (a) 2.54 rad/s ). 


) 6.42 m/s fF. 

) 11.02 in./s SG 15°. 
an 840 m/s Sx 60°. 
) 1.373 m/s 4 30°. 
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0, 0. 


15.44 
15.45 


15.46 
15.48 
15.49 
15.50 
15.51 
15.52 
15.55 
15.56 
15.57 
15.58 
15.60 
15.61 
15.63 
15.64 
15.65 
15.66 
15.68 
15.69 
15.70 
15.71 
15.72 
15.73 
15.74 
15.75 


15.76 
15.77 
15.78 


15.79 


15.82 
15.83 
15.84 
15.85 
15.89 
15.90 
15.92 
15.93 
15.95 
15.96 
15.97 
15.98 
15.99 


15.100 


15.102 
15.103 
15.104 


15.105 
15.106 
15.107 
15.108 
15.109 
15.110 


(a) 4.00 rad/s ). —(4.00 in/s)i. 
(a) (12.00 in. ie 7 00 in./s)j 
(b) x = 2.00 in. ie = 3.00 in. 

(a) 2.00 rad/s J. (b) (120 mm/s)i + 
(a) 105 rpm ). A ae rpm ). 
(a) 1.500. (b) 0.333 w, 5. 

0 rpm ). 

) 135.0 rpm J. (b) 105.0 rpm J. 
1) 

1) 


(660 mm/s)j. 


48.0 rad/s ). 3.39 m/s 47 45°. 

60.0 rpm ), 37.7 in./s >. (b) 0, 50.3 in./s —. 
67 rad/s J, 34.4 in./s —. 
1) 0, 39.3 rad/s. (b) 6.28 m/s J, 0. 
6.52 m/s |, 20.8 de n 
(a) 0.1254 m/s <—. (b) 0.208 rad/s ). 
(a) 3.02 rad/s ). (b) . 657 rad/s \. 
Bar BD: 0.955 rad/s \; Bar DE: 2.55 rad/s J. 
Bar BD: 4.00 rad/s ); Bar DE: 6.67 rad/s \. 
Bar BD: 5.20 rad/s ); Bar DE: 6.40 rad/s ). 
(a) 3.33 rad/s §. (b) 2.00 m/s SS 56.3°. 
(a) 12.00 rad/s J. (b) 80.0 in./s >. 
(a) 12.00 rad/s J. (b) 72.1 in./s & 56.3°. 
B: 140.8 ft/s >; C: 0; D: 136.0 ft/s 2 15°; E: 99.6 ft/s SG 45°. 
(a) 338 mm/s <, 0. (b) 710 mm/s <—, 2.37 rad/s ). 
wc = (1 — ra/rc)@aze- 
(a) C lies 1.000 ft to right of A. (b) 4.00 in./s f. 
x =0,% = 9.34 ft. 
(a) 50.0 mm to the right of the axle. 
(b) 750 mm/s |, 1.950 m/s |. 
(a) 25.0 mm to the right of axle. (b) 420 mm/s 7. 
(a) 12.00 rad/s J. (b) Rack: 2.40 m/s > D: 2.16 m/s 2 56.3°. 
(a) 10.00 mm to the right of A. (b) 40.0 mm/s |. 
) 
) 


7 
(a 
(a 
(a 
2: 
(a 


(c) DE: unwrapped at 240 mm/s; BF: unwr. cies at 120 mm/s. 
(a) 20.0 mm to the right of A. (b) 80.0 mm/s J. (c) DE: 
unwrapped at ce cat, s; BF: unwrapped at 120 hi 

(a) 12.00 rad/s 5. (b) 3.90 m/s & 67.4°. 

(a) 5.00 rad/s . es re m/s & 67.4°. 

(a) 3.08 rad/s J. (b) 83.3 in./s SG 73.9°. 

(a) 0.467 rad/s §. (b) 3.49 ft/s 2 59.2°. 

(a) 4.42 rad/s §. (b) 3.26 m/s 2 50°. 

(a) 1.579 rad/s ). (b) 699 mm/s & 78.3°. 

(a) 22.0 in./s & 79.6°. (b) 20.6 in./s SG 20.5°. 

(a) 2.79 in./s & 36.7°. (b) 8.63 in./s & 75.0°. 

(a) 1260 mm/s 7. (b) 1.250 rad/s 5. 

(a) 0.338 rad/s J. (b) 78.8 mm/s <—. 

(a) DE: 2.50 rad/s ); AB: 1.176 rad/s J. (b) 29.4 m/s <—. 

(a) AB: 2.00 rad/s ); DE: 5.00 rad/s 5. he a 0 in./s >. 
Space centroid: quarter circle of 15 in. radius centered at O. 
Body centrode: semi-circle of 7.5 in. radius centered midway 
between A and B. 

Space centrode: lower rack. 


a 
a 


Body centrode: circumference of gear. 

4.00 rad/s ), 6.67 rad/s ‘. 

5.20 rad/s J, 6.40 rad/s ). 

B: 140.8 ft/s >; C: 0; D: 136.0 ft/s 2 15.0°: 
E: 99.6 ft/s “45°. 

(a) 0.900 m/s? —. (b) 1.800 m/s? —. 

(a) 0.600 m from A. (b) 0.200 m from A. 
(a) 0.778 rad/s" ). (b) 4.22 m/s” ft: 

A: 7.00 ft/s? t; B: 0.200 ft/s? J. 

(a) 2.88 m/s? —. (b) 3.60 m/s? <—. 

(a) 2.88 m/s? >. (b) 7.92 m/s? >. 


15.111 
15.112 


15.113 
15.115 


15.116 


15.118 
15.119 
15.120 
15.121 
15.122 
15.125 
15.126 
15.127 
15.128 
15.129 
15.130 
15.132 
15.133 
15.135 
15.138 
15.139 
15.140 
15.141 
15.143 
15.146 
15.147 
15.149 
15.150 
15.151 
15.152 
15.153 
15.156 


15.157 
15.160 
15.161 
15.162 
15.163 
15.165 
15.166 
15.167 
15.168 
15.169 
15.171 
15.174 


15.175 
15.176 
15.177 
15.178 
15.181 


15.182 
15.183 
15.184 


15.185 


(a) 5410 ft/s? |. (b) 5410 ft/s? t (c) 5410 ft/s —G 60°, 
(a) 96.0 rad/s? \, 2.40 m/s? — 

(b) 48.0 rad/s”, 1.200 m/s? — 

(a) 300 mm/s? >. (b) 247 mm/s” 7 14.0° 


A: 56.6 in./s” Ss 58.0%; B: 80.0 in./s? 7; 
C: 172.2 in./s? Ss 25.8°. 

A: 48.0 in./s” }; B: 85.4 in./s* Ss 69.4°: 
C: 82.8 in./s” 7 65.0°. 

(a) 13.35 in./s? 27 61.0°. (b) 12.62 in./s? 2 64.0°. 
(a 1) 92.5 in./s”. ( (b) 278 in./s*. 

(a) 59.8 m/s” F. (b) 190.6 in./s* 7. 

D: 1558 m/s? ie E: 337 m/s” 2 45°. 
(a) 1218 in./s? —. (b) 993 in./s? —. 
148.3 m/s” |. 

296 m/s? f. 

(a) 1080 rad/s" ). (b) 460 ft/s” Ss 64.9°. 
(a) 432 rad/s” 5. (b) 272 ft/s? Ss 60.3°. 
1.745 m/s” 7 68.2°. 

(a) 7.20 rad/s”. (b) 1.296 m/s? <—. 

9.60 m/s? >. 

(a) 10.75 ene 2.30 rad/s” 9 

(a) 8.15 rad/s” 5 0.896 rad/s”. 

vz sin B/I cos 

(vg sin B/I)” sin 0/cos® 6 

bea cos 0, ba cos 6 — ba” sin 0. 
bug/(b° + xa) 5, 2baxgvg/(b> + x3)” 
voll — cos (vt/r)], v sin (vt/r). 

vo sin” 6/r cos @ 5. 

(vp/r)? (1 + cos? 6) + tan? 6%. 

(Rw sin wt)j, (Rw cos wt)j 

(a) 1.815 rad/s J. (b) 16.42 in./s SG 20°. 
(a) 5.16 rad/s J. (b) 1.339 in./s Ss 60°. 
AP: 4.68 rad/s \; BE: 1.415 rad/s \. 
AD: 2.52 rad/s ); BP: 1.299 rad/s J. 


(@) Viyar = lo <—, Viypp = 9. (b) Viyar = 9.577 lw Ss 30°, 


Vijpp = 9.577 lw & 30°. 

Viyan = 0.299 lw Ss 45°, Vijay = 0.816 lo <2 15°. 
(a) 0.520 m/s SS 82.6°. (b) 50.0 mm/s” Sx 9.8°. 

(a) 0.520 m/s SG ite 4°. (b) 50.0 Hae & 69.8°. 

(a) —(51.0 in./s)j + (108.0 in. tp —(51.0 in./s)j. 
(a) (96.0 in./s)i — ies 0 in./s)k. es in./s)i. 
0.0234 m/s? west. 

(a) 68.1 in./s? SX 21.5°. (b) 101.4 in./s? SX 3.2°. 

(a) 95.2 in./s” 2 48.3°. (b) 57.5 in./s 27 64.3°. 


Link 1: 303 mm/s* >; Link 2: 168.5 mm/s” 27 57.7°. 
Link 3: 483 mm/s? <; Link 4: 168.5 mm/s” Ss 57.7°. 


392 in./s* 27 4.05°. 
(a) ay = 0.621 m/s” T. (b) ag = 1.733 m/s? “G 53.9°. 
(c) ag = 2.62 m/s” & 67.6°. 
1.500 rad/s §, 7.79 rad/s? 5 
6.00 rad/s 5, 62.4 rad/s” ) 
43.0 rad/s? ) 
47.0 rad/s” J 
a) 2.40 rad/s J, 34.6 rad/s” ) 
1.342 m/s Ss 63.4°, 9.11 aT NG 18.4°. 


(27.0 in./s)i — (14.00 in./s)j + (33.0 in./s)k 
—(1.500 rad/s)i — (0.750 vad/3) — (1.000 eadi/cie 
h) (9.00 in./s)i — (14.00 in./s)j — (3.00 in./s)k. 


D 


b) 
) 
) 
a) (1.500 a i — (3.00 ed — (2.50 rad/s)k 
b) ( 
a) 
b) 


a) 3.61 rad/s %. a 86.6 in./s 2 30°. (c) 563 in./s? 27 46.1°. 
a) 3.61 rad/s ). (b) 86.6 in./s 27 30°. (c) 563 in. eae 


15.186 


15.187 


15.188 
15.189 
15.190 
15.193 


15.194 


15.195 
15.196 


15.198 


15.199 


15.200 


15.202 
15.203 
15.204 
15.205 
15.206 
15.207 
15.210 
15.211 
15.212 


15.213 
15.214 
15.216 
15.217 
15.218 
15.219 
15.220 


15.221 


15.222 
15.223 
15.226 
15.227 
15.228 
15.229 


15.230 


15.232 


b) (400 mm/s)i + (300 mm/s)j 


am 


b) (100 mm/s)i i — (90 mm/s)j 
9.87 rad/s")k 


) 
) 
a) —(0.400 ee — (0.360 ns 
) 
=( 


a) (0.480 eb eat i — (1.600 ieee (0.600 rad/s)k 


ee mm/s)k 


(120 mm/s)k 


ij — (0.600 m/s)k 


(8.66 ne 


— (1.055 m/s)k 


(90 mm/s)k 


(118.4 rad/s*)i. 
(a) aj + (R/r) oo (b) (R/r)wii. 
(a) —(0.600 m/s)i + (0.750 m/s)j 
(b) —(6.15 m/s”)i — - 00 m/s°)j 
(a) —(20.0 rad/s”)i. —(4.00 yeh (10.00 ft/s*)k 
(c) —(10.25 ft/s*)j 
—(3.46 ft/s2)i — 6. 13 ft/s°)j 
(a) —(0.1745 ee i— (0. ay cullor 
(c) —(1.818 m/s)i + (0.605 m/s)j - - i m/s)k 
(0.366 m/s*)i — Gor 9 m/s”) jj 
(a) (8.00 rad/s)i. (b) —(19.20 Lie 
(c) —(1.103 a i — (2.005 m/s”)j. 
(a) (0.750 rad/s)i + (1.500 rad/s)j 
(b) (300 mm/s)i — a mm/s)j 
(c) (60 mm/s)i — (30 mm/s)j — 
(a) (1.125 rad/s*)k 
(b) —(225 mm/s”)i + (180 mm/s”) jj — (112.5 mm/s”)k 
(210 mm/s)k 
(40.0 mm/s)k. 


—(30.0 in./s)j. 
(45.7 in./s)j. 
(12.78 mm/s)j. 
(4.66 mm/s)j. 


(@,/cos 25°) (—sin 25°95 + cos 25° k) 


@,/cos 25° (—sin a + cos 25° 


k) 


(a) (0.240 rad/s)i + (0.080 rad/s)j — (1.080 rad/s)k 


(b) (40.0 mm/s)k 
(a 

(b 
510 mm/s)k 
45.0 in./s°)j 
205 in. /s)j j 


) 
) 
) —(30.0 in./s)j. 
= 
. 


—(0.348 cadl/s)i i + (0.279 rad/s)j + (1.089 rad/s)k 


ae 51 mm/s) 
—(8.76 mm/s*)j 
(a) (72.0 in./s)i + (30.0 in./s)j — (48.0 in./s)k 
(b) —(288 in. 1m i — (864 in./s”)k 
(a) ( aa in./s)i — (16.0 ae — (16.0 in./s)k 
—(48.0 in./s*)i + (96.0 in./s)k 
(b) (30.0 in./s)i — co. 0 in./s)j; (96.0 in./s*)k. 
(a) (0.750 m/s)i (1.299 inf} — (1.732 m/s)k 
(b) (27.1 m/s*)i + (5.63 m/s?) )j — (15.00 m/s)k 
(a) (0.75 m/s)i i 299 m/s)j — (1.732 m/s)k 
(b) —(28.6 = in (3.21 m/s’) )j — (10.67 mh 
=(1; m/s)i + (1.620 m/s)k; —(30.4 m/s”)k 
—(1.080 m/s)k; (19.44 m/s”)i — (12.96 m/s”)k. 
—(1.215 m/s)i i — (1.080 m/s)j + (1.620 m/s)k 


(19.44 m/s*)i — (30.4 m/s”) jj - 


—(1.215 m/s)i — (1.080 m/s)j + 
5 m/s*)i — (25.0 m/s°)j — (21.1 os 


(12.96 m/s*)k 
(1.620 m/s)k 


(32.0 in./s)k 


(25 

(a) (30.0 in./s)i — che (16.0 in./s)k 
—(75.0 in./s?)i — (8.0 in./s)j 

(b) eee ae in = (75.0 in./s2)i 
(40.0 in./s°)j + (96.0 in./s”)k 


"(41.6 in js i— (61.5 in./s*)j 


(103.9 in./s”)k 


<0. 0914 rad/s”)k. 
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15.234 


15.235 


15.236 


15.237 


15.240 


15.241 


15.242 


15.243 


15.244 


15.245 


15.248 
15.249 
15.250 


15.252 
15.254 
15.256 
15.257 
15.259 


a) —(0.270 are i. (b) (6.24 in./s)i — (3.60 in./s)j — 
16.80 in./s)k —(11.70 in./s?)i — (2.81 in./s”) )j - 
7.48 in./s*)k 
0.600 n/)j — (0.585 m/s)k 
0.600 m/s)j — (0.225 m/s)k 
3.00 m/s?) )j — (3.60 eke 
4.33 ft/s)i — (6.18 ft/s)j (5. 30 ft/s)k 
2.65 ft/s*)i — (2.64 ay jj — (3.25 ft/s2)k 

—(5.04 ce ik i — (1.200 a —(9.60 m/s*)i 
(25.9 m/s°)j (57.6 m/s)k 

—(0.720 se i — (1.200 ae 
25.9 m/s”) jj — (11.52 m/s”)k 
oe. ee (13.50 in,/s?)i 
9.00 in./s°)j j + (8.64 in./s*)k 
9.00 in/st ~ ( icone + (7.20 in./s)k 
9.00 in./s*)i — (2.1 nds = 657610 
a) (0.610 m/s)k: —(0.880 m/s”)i + (1.170 m/s 
b) (0.520 ahr i — (0.390 oo — (1.000 m/s)k 
—(4.00 m/s”)i — (3.25 m/s?)k 
a) 
b) ( 


—(4.76 m/s”)i 
—(0.675 m/s2)i 


—(9.60 m/s*)i 


a) (1.390 m/s)k; (7.12 m/s”)i — (1.170 m/s”)}j 
b) (0.520 m/s)i — (0.390 a + 1.000 n/k 
4.00 m/s”)i — (3.25 m/s)k 
a) 51.3 in./s” |. (b) 184.9 in. /s? 2 16.1°. 
a) —1.824 rad/s”. (b) 103.3 s. 
) (0.450 m/s)k, (4.05 m/s”)i. 
) =(1.350 ijeile —(6.75 m/s”)i 
) 37.5 in./s >. b) 187.5 in./s? 1. 

49.4 m/s?“ 26.0°. 
(7.84 in./s)k 
(a) 0.1749 rad/s 
(0.325 m/s)i 
—(2.13 m/s”)i 


b) 66.2 mm/s Sx 25°. 
i ee m/s)j — (0.313 m/s)k 
0.974 m/s”) ji — (3.25 0/2 


CHAPTER 16 


16.1 
16.2 
16.3 
16.4 
16.5 
16.6 
16.7 
16.8 
16.11 
16.12 
16.13 
16.14 
16.16 


16.17 
16.20 


16.22 
16.25 
16.26 
16.27 
16.28 
16.29 
16.30 
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(a) 3.43 N 2 20°. (b) 24.4 N SS 73.4°. 
3.57 m/s? <. 

6.84 ft/s”. 

(a) 13.42 ft/s? >. (b) 8.67 oe 
(a) 25.8 ft/s. (b) 12.27 ft/s®. (c) 13.32 ft/s”. 
(a) 36.8 ft. (b) 42.3 ft. 

(a) 5.00 m/s? >. (b) 0.311 m Sh < 1.489 m. 
(a) 2.55 m/s? >. (b) h S 1.047 m. 

(a) 0.337 g 230°. (b) h/d = 4.00. 

(a) 0.252 g 2 30°. (b) h/d = 4.00. 
435 lb. 
(a) 4.91 m/s? 27 30°. (b) AD: 31.0 N; BE: 11.43 N. 
(a) 2.54 m/s” 27 15°. (b) AC: 6.01 N tension; 

BD: 22.4 N tension. 

CF: 4.05 lb compression; BE: 14.33 Ib compression. 
(a) 30.6 ft/s? SG 84.1°. 

(b) B = 1.285 lb 2 30°, A = 0.505 Ib 2 30°. 
[Vmax = 40.3 Ib, |Mlmnax = 25.2 lb - ft. 

87.8 lb - ft. 

5230 revolutions. 

20.4 rad/s” ) 

32.7 rad/s” 5 

59.4 s. 

93.5 revolutions. 


16.34 


16.36 
16.37 
16.38 
16.39 


16.40 


16.41 


16.42 


16.48 
16.49 
16.50 
16.51 
16.55 
16.56 
16.57 
16.58 
16.59 
16.60 
16.63 
16.64 
16.65 


16.66 
16.67 
16.69 
16.70 
16.72 
16.76 
16.77 
16.78 
16.79 
16.81 
16.82 
16.84 
16.85 
16.86 
16.87 
16.88 
16.89 
16.95 
16.96 
16.97 
16.98 


16.99 


16.100 
16.101 
16.102 
16.105 
16.106 
16.107 
16.108 
16.109 


(1): (@) 8.00 rad/s” 5. (b) 14.61 rad/s 5. 
(2): (a) 6.74 rad/s 5. (b) 13.41 rad/s ¥. 
(3): (a) 4.24 rad/s? 9. (b) 10.64 rad/s 9. 
(4): (@) 5.83 rad/s” 5. (b) 8.82 rad/s ¥. 

(a) 7.63 rad/s” ) p 2. 78 IbA 

(a) 1.255 ft/s? i b) 0.941 ft/s? f. 

(a) 1.971 ft/s* t. (b) 1.971 ft/s? J. 

(a) a4 = 12.50 a 5, @g = 33.3 rad/s” 5 
(b) A: 320 rpm J, B: 320 rpm 5. 

(a) ay = 12.50 rad/s” 5, ay = 33.3 rad/s” 5 
(b) A: 90.0 rpm 5, B: 120.0 rpm J. 

(a) Slipping occurs. (b) a, = 61.8 rad/s? 


ap = 9.66 rad/s” J 
a) No slipping. a, = 15.46 rad/s” 5 
az = 7.73 rad/s" J 


A: 0,885 es! 1, B: 2.60 m/s? f. 

A: 0.273 m/s” |, B: 2.01 m/s? J. 

A: 359 lb, B: 312 Ib. 

A: 275 lb, B: 361 _ 

(a) 0.741 rad/s? 5 0.857 m/s” f. 

(a) 2800 N. (b) ‘4 rad/s” ) 

(a) 3.00 g/L J. (b) ee gt. ve ) 2.00 ¢ l. 
(a) 1.000 g/L J. (b a 1.000 g | 

(a) 1.000 g/L J. (b 7 866 ga 

(c) 1.323 g 2 49. p 
(a) 0.500 g f. (b) 1.500 g J 
(a) 0. (b) L 000 g i“ 


(a) 1.597 s. (b) 9. 86 ft/s. (c) 19.85 ft. 
(a) 1.863 s. ie 9.00 ft/s. (c) 22.4 ft. 
(a) vo/r 5. (b day c) 3 /2pxg. 


(a) 12.08 rad/s? ). (b) A, = 0.750 Ib <, A, = 4.00 lb f. 
(a) 24.0 in. (b) 8. e nes 

(a) 107.1 rad/s? ) . (b) C, Cie C, = 39.2 Nf. 
(a) 150.0 mm. is 125.0 rad/s” ) 

(a) 1529 kg. (b) 2.90 mm. 

3.64 kN 3. 

1) 1.500 g J. (b) 0.250 meg f. 

1) 1.286 g |. (b) 0.571 mg f. 

1) 2.50 g |. (b) 0.375 mg f. 
50.1 N 27 83.2°. 

1) 9.66 rad/s” 5 
(a) 13.50 rad/s” 5 
2.55 ft. 
tan B = p,(1 + r°7/k?) 

(a) 2.27 m or 7.46 ft. (b) 0.649 m or 2.13 ft. 


1 
(a 
(a 
(a 
1 
(a 


. (b) 5.43 Ib + ft. 
. (b) 6.79 N+ m%. 


(a) rolls without sliding. 

(b) 15.46 rad/s” ), 10.30 ft/s? >. 

(a) rolls without sliding. 

(b) 23.2 rad/s ), 15.46 ft/s? >. 

(a) slides. (b) 4.29 rad/s” ‘, 9.66 ft/s? >. 

(a) slides. (b) 12.88 rad/s? 5. 3. . ft/s? <<. 
(a) 17.78 rad/s f. 2.13 Ae —. (b) 0.122. 
(a) 8.89 rad/s” a; 1.067 m/s” <. (b) 0.165. 
(a) 0.556 g g J. (b) 1.000 g J. (c) 0. 

(a) 1 125 ¢ |. ( b) ) 1.000 g J. : e) 1.333 g J. 

(a) 0.765 g gl. ( (b) 1.000 g g J. (c) 0.667 g ol. 

(a) 5.57 ft/s? <. (b) 0.779 Ny <. 


16.110 (a) 64.4 rad/s? 5. (b) 26.8 ft/s? |. 17.28 0.577Vg/r. 
16.111) (a) 1.536 De (b) 0.884 P(mg + P). 17.29 (a) 1.324Vg/r 5. (-b) 2.12 mg. 
16.113 (a) 0.1250 g/r J. 0.1250 g —, 0.1250 gl. 17.30 (a) 2.06 ft. (b) 4.00 lb. 
16.116 P = 16.84 N & 70.5; Moe = 0. o . mn). 17.33 0.745 m/s >. 
16.117 (a) 11.11 rad/s? J. (b) 87.7 NT. (c 2N—-. 17.34 1.000 m/s >. 
16.118 (a) 97.8 N f. (b) 0 Nf. 17.35 1.054 m/s >. 
16.119 (a) 11.15 rad/s? 5. (b) 1.155 Ib — 17.36 3.11 m/s >, 1.798 m/s J. 
16.121 (a) 12.04 rad/s” ) es 1.795 lb 20°. 17.37 4.82 m/s >, 0. 
16.124 640N <. 17.39 3.71 rad/s §, 7.74 ft/s f. 
16.125 171.7N —. 17.40 0.775 Vg/l —, 0.775 V g/l & 60°. 
16.126 60.0 N =>. 17.42 (a) 0.926VeL <. (b) 1.225VeL <—. 
16.127 33.0 lb f. 17.44 15.03 ft/s J. 
16.128 2.32 lb J. 17.45 84.7 rpm J. 
16.129 29.9 N 4 60°. 17.46 110.8 rpm J. 
16.130 23.5 N 2 60°. 17.47 0.770 m/s <—. 
16.133 0.330 Ib <. 17.48 (a) 21.2 N+ m. (b) 127.3N-m 
16.134 (a) 15.00 N - m 4. (b) 120.0 N >, 88.2 Nf. 17.50 (a) 39.8 N - m. (b) 95.5 N+ m. (c) 229N-m 
16.135 (a) 25.0 N - m ¥. (b) 190.0 N >, 104.9 Nf. 17.52 1.212N-m 
16.136 A = 1.565 Ib f, B = 1.689 lb f. 17.53 47.4 min. 
16.138 B= 805N <—,D =426N—. 17.54 2.84 s. 
16.139 B=525 N & 38.1°, D = 322 N SG 15.7°. 17.57 5.26 s. 
16.140 (mvj /6L) tan 6/cos? 6. 17.59 3.88 s. 
16.141 (a) 9.36 m/s” “G 27.1°. (b) 278 Nf. 17.60 5.22 s. 
16.142 (a) 9.10 m/s” SG 8L.1°. (b) 6.54 N. 17.61 3.13 s. 
16.143 (a) A: 0.400 g/r 4; B: 0.400 g/r J. (b) 0.200 mg. 17.63 wo(1 + m4/mp) 
(c) 0.800 g Fe 17.64 (a) 686 rpm 4, ol es J. (b) 4.18 Ib + sf. 
16.144 (a) 18.49 ft/s? SG 25°. (b) 8.38 rad/s? J. 17.69 ae Pet sin B/(r? + k?) SG B. (b) k? tan B/(r? 
16.146 (a) 13.55 m/s? J. (b) 2.34 m/s? J. 17.70 2.79 fi. 
16.147 (a) 6.40 ft/s? . (b) 45.4 rad/s? 5. 17.71 (a) 2.55 m/s f. ( ® 10.53 N. 
16.151 10.39 Ib - in. located 20.8 in. below A. 17.72 (a) 27.6 ft/s |. (b) 4.00 Ib. 
16.153. 27.2 rad/s” 5. 17.74 (a) 2.12 m/s >. is 0.706 m/s >. 
16.156 20.6 ft. 17.75 (a) 0.706 m/s —. (b) 1.235 m/s >. 
16.157. (a) 0.513 g/L J. (b) 0.912 mg f. (c) 0.241 mg >. 17.77 (a) 0.286re/pxg. (b) 0.286 ray =, 0.2860 J. 
16.159 (1): (a) 1.200 g/c J. (b) 0.671 & 63.4°. 17.78 (a) 2.50%0/r. (b) bo/mng. 
(2): (a) 1.412 g/c J. (b) 0.706 g J. 17.79 84.2 rpm. 
(3): (a) 2.40 g/e J. (b) 0.500 g J. 17.81 (a) 2.54 rad/s. (b) 1.902 J. 
16.160 (a) 0.333 g 7. (b) 1.667 g J. 17.82 (a) 5.00 rad/s. (b 5) 3.13 rad/s 
16.161 23.7 rad/s” 5 17.83 18.07 rad/s. 
16.163 (a) 51.2 rad/s?) ) 21.0 Nf. 17.84 —24.4 rpm. 
16.164 (a) 57.8 rad/s” J. (b) 20.4 N f. 17.86 disk: 337 rpm; plate: 23.5 rpm. 
17.87 37.2 rpm. 
17.88 (a) 15.00 rad/s. (b) 6.14 m/s. 
CHAPTER 17 17.89 (a) 149.2 mm. (b) 4.44 rad/s. 
17.1 87.8 lb - ft. 17.90 1.136 m/s. 
17.2 5230 rev. 17.94 1.542 m/s. 
17.3. 0.760. 17.95 2.01 ft/s —. 
17.4 98.8 mm. 17.96 (a) 25.2 rad/s J. (b) 1545 Ib >. 
17.5 (a) 293 rpm. (b) 15.92 rev. 17.97 (a) 10.00 in. (b) 22.6 rad/s |. 
178 19.77 rev. 17.98 (a) Bb m/s >. (b) 4.87 kN 2 66.9°. 
17.9 (a) 6.35 rev. (b) 7.14 N. 17.99 (a) 79.2 mm. (b) 1.992 m/s >. 
17.10 (a) 2.54 rev. ee 86.N. 17.100 242 one >. 
17.11 (@ 9.73 ft/s J. (b) 7.65 ft. 17.101 302 mm/s —. 
17.12 70.1 lb J. 17.102 14.10 rad/s ‘. 
17.13 80.7 lb |. 17.105 w,/2 J), Lw,/4 1. 
17.16 11.13 rad/s 4. 17.106 (a) 3v,/L J, v,/2 J. (b) 30,/L 5, 0,/2 7. (c) 0, vf. 
17.17 3.27 rad/s J. 17.107 «L/3. 
17.18 (a) 1.732V¢/ ), 2.50 Wf. (b) 5.67 rad/s J, 4.50 lb f. 17.108 (2 + 5 cos B)w,/7 5, (2 + 5 cos B)o,/7 <. 
17.20 (a) 3.94 rad/s J, 271 Ib Sx 5.25°. (b) 5.58 rad/s J. 701 Ib f. 17.110 6v, sin B/(1 + 3 sin” B)L ). 
17.24 (a) 3.00 m/s >. (b) 30.0 N <. 17.112 0.750 v9/L J, 0.910 vy & 74.1°. 
17.25 1.154Vgs. 17.113. 0.706 v9/L ), 0.949 vy 27 87.9°. 
17.26 Vs. 17.114 0.366. 
17.27 (a) 5.00 rad/s. (b) 24.9 N f. 17.115 8.80 ft/s. 
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17.116 5.12°. 

17.117 55.9°. 

17.120 (a) 2.86 in. (b) 2.05 in. 

17.121 (a) 3.85 ft/s). (b) 5.13 rad/s ). 

17.122 (a) 0.256 ft/s. 

17.123 0.650VeL =>. 

17.124 0.866VeL >. 

17.125 725 mm. 

17.126 447 mm. 

17.128 (a) 2.60 rad/s J. (b) 1.635 m/s SG 53.4°. 
17.131 (a) v4 = 0, @4 = 0)/r J; vg = 0, >; @g = 0. 

(b) v4 = 20,/7; vg = 50,/7. 
17.132 1.25 vo /r. 
17.133 (a) va = (vo sin 0)j, vg = (v9 cos O)i, @4 = Vo (—sin Oi + 
cos 6 j)/r, @, = 0. (b) vg = (5 vo cos 0/7)i. 

17.134 wa, = 2.65 rad/s ), pc = 13.25 rad/s 4. 
17.135 A = 100.1 N ft, B = 43.9N —. 

17.136 (a) 118.7 rev. (b) 7.16 s. 

17.138 (a) 53.1°. (b) 1.095V gL “6 53.1°. 

17.139 7.83 N >, 7.35 N 4 

17.141 (a) 1.500 v,/b ). (b) 0.791 v, 2 18.4°. 
17.143 (a) 4.81 rad/s ). : 6.81 rad/s J. 

17.145 0.400 r 

17.146 (a) 1.286 rad/s 5. (b) 0.719 Ib —, 1.006 lb f. 
CHAPTER 18 

18.1 0.357 kg - m?/s; 6, = 48.6°, 8, = 41.4°, 8. = 90°. 

18.2 0.250 mr°w. j + 0.500 mr°ak. 

18.3 (ma°w/12)(3 j + 2b). 

18.4 11.88°. 

18.7 (a) 0.276 ma o. (b) 25.2°. 

18.8 (a) 0.432 ma’w. (b) 20.2°. 

18.9 —(1.747 lb - ft - s)i + (3.59 Ib = ft - s)j + (0.0582 lb - ft - s)k. 
18.10 (1.848 Ib - ft - s)i — (0.455 Ib - ft + s)j + (1.118 Ib - ft + s)k. 
18.11 (a) 2.91 rad/s. (b) 0.0551 rad/s. 

18.12 (0.320 kg: m?/s)i — (0.009 kg + m*/s)j — (467 kg - m*/s 
18.15 (a) mr*w (0.379 i — 0. j)- (b) 51.9°. 
18.16 (a) (0.063 kg + m °/s)i i iy 216 kg + m “/s)j. 
(b) —(0.513 ie m es i+ (0.216 kg + m* aan 
18.19 (a) —(1.041 Ib - ft - s)i + oa 041 Ib - ft - sj + 
(2.31 Ib - ft - ik (b) 147.5°. 
18.20 (a) —(1.041 Ib - ft - s)i — (1.041 Ib - ft + s)j + 
(2.31 lb - ft - s)k. es 32.5". 
18.21 226 lb. 
18.22 2.66 s. 
18.23 (a) —(0.300 m/s) k —(0.962 rad/s)i — (0.577 m/s)j. 
18.24 (a) (0.300 m/s)j. 
(b) —(3.46 a (1.923 rad/s)j — (0.857 rad/s)k 
18.25 (a) (FAt/m)i. yore —L714j + 8.57k). 
18.26 (a) (FAt/m)i. ae ) (FAt/ma)(3.43 j — 5.14 k). 
18.29 (a) 0.125 wo (—i + j). (b) 0.0884 aay k. 
18.30 (a) 0.1031 sours k. —0.01473 mawy k. 
18.31 (0.429 tp /c)i 0 429 )/a)k 
18.32 (a) —(6 @n/Th 0 ) (mv9/7)j 
18.33 (a) C and B. (b) a 8.16 s, : 4.84 s. (c) 0.520 s. 
18.34 (a) D and A. (b) D: 6.82 s, A: 1.848 s. (c) 0.347 s. 
18.39 1.417 J. 
18.40 0.1250 mr°(o3 + 2w?). 
18.41 0.1250 ma?w" 
18.42 0.228 mr’. 
18.43 0.1896 mr?a”. 
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18.44 
18.47 
18.48 
18.49 
18.50 
18.53 
18.54 
18.55 
18.56 
18.57 
18.58 
18.59 
18.61 
18.62 
18.65 


18.66 


18.67 
18.68 


18.71 
18.72 


18.75 


18.76 


18.77 


18.78 


18.79 
18.80 
18.81 
18.83 
18.84 
18.85 
18.86 
18.87 
18.88 
18.89 
18.90 
18.93 


18.94 
18.95 
18.96 
18.99 
18.101 
18.102 
18.103 
18.104 


18.107 
18.108 


1.296 J. 
13.34 ft - Ib. 
12.67 ft + lb. 
0.1250 ma?a*. 
0.203 ma?w*. 
16.75 ft - lb. 
39.9 ft - Ib. 
(3.21 N- m)k. 
0.500 mr?ajas i. 
0.1667 ma?o i. 
—0.958 mr-w* 
(2.91 Ib - ft)i. 


(1.890 N + m)i + (2.14 N - m)j + (3.21 N - mk. 
—(1.890 N - m)i — (2.14 N - m)j + (3. - N- mk. 
A = —(12.00 N)i, B = —(4.00 N)i. 
C= - mba” sin B cos B i, 
D= ae mba" sin B cos B i. 
6 
A = (3.35 lb)k, B = —(3.35 Ib)k. 
A = —(1.103 Ib)j — (0.920 Ib)k, 
B = (1.103 Ib)j + (0.920 Ib)k. 
(a) (20.0 rad/s”)k. (b) A = —(3.75 N)k, B = —(1.250 N)k. 


) 

) (3 Mo/mb* cos? Bij. 
(b) C = (My tan B/2b)k, D = —(M) tan B/2b)k 
(a) (2.33 Ib + ft)i. 

) A = (0.466 Ibjj, B = 
(a) (0.873 lb - ft)i. 

) A = —(0.218 Ib)j + (0.262 lb)k, 
B = (0.218 lb)j — (0.262 Ib)k. 
(a) (0.1301 Ib - ft)i. (b) A = —(0.0331 Ib)j + 
B = (0.0331 Ib)j — (0.0331 Ib)k. 
A = —(0.444 lb)j — (0.383 Ib)k, 
B = (0.444 Ib)j + (0.383 Ib)k. 
(a) 10.47 N - m. (b) 10.47 N-m 
4.29kN+-m 
—(0.457 lb - ft)i. 
24.0 N. 
1.138° ). Point A moves up. 
(a) 38.1°. (b) 11.78 rad/s. 
13.46 rad/s 
(a) 53.6°. (b) 8.79 rad/s 
w = 10- 20 rad/s. 
5.45 rad/s. 
211 N 2 187°. 
(a) C = —(123.4 N)i, D = 
(bs) C=D=0. 
91.2 rpm. 
A = (0.1906 lb)k, B = 
7.87 rad/s 
(11.23 N « m) cos” 6 i + (11.23 N+ m) 
sin 6 cos 6 j — (2.81 N + m) sin @ cos 6k. 
C = —(89.8 N)i + (52.8 N)k, 


—(0.466 Ib)j. 


(0.0331 Ib)k, 


(123.4 N)i. 


—(0.1906 Ib)k. 


D = —(89.8 N)i — (52.8 N)k. 
(a) (0.1962 N - m)j. (b) C = —(48.6 N)i + (38.9 N)k, 
D = —(48.6 N)i — (38.9 N)k. 
Y —(5.39 Ib - ft)j. (b) A = —(11.65 Ib)i + (3.49 Ib)k, 
= (5.53 lb: ft)i + me 73 Ib - ft)k. 
ft)i. (b) D = —(6.70 Ib)j + (4.89 Ib)k, 


i ) (1.382 lb - 
E = —(1.403 lb)j + (4.89 ) Ib)k. 
299 rpm. 

55.3°. 


18.109 1666 rpm. 19.30 (a) 55.4 mm. (b) 1.497 Hz. 


18.111 45.9 rpm, 533 rpm. 19.34 16.3° 
18.113 23.7°. 19.35 (a) 1.737 s. (b) 1.864 s. (c) 2.05 s. 
18.114 (a) 52.7 rad/s. (b) 6.44 rad/s. 19.36 28.1 in. 
18.115 (a) 40.0°. (b) 23.5°. (c) 85.3°. 19.37 (a) 3.36 Hz. (b) 42.6 mm. 
18.116 (a) 56.1 rad/s. (b) 5.30 rad/s. 19.38 (a) 0.315 s. (b) 0.665 ft/s. 
18.125 (a) 6, = 52.5°, 6, = 37.5°, 6, = 90°. 19.39 (a) 0.1957 s. (b) 171.7 ft/s?. 
(b) 53.8 veut ) 6.68 sult 19.40 (a) 0.491 s. (b) 9.60 in./s. 
18.126 (a) 0, = 90°, 6, = 17.65°, 6, = 72.35°. 19.43 (a) 1.117 rad/s. (b) 400 mm. 
(b) 44.8 rev/h. (c) 6.68 rev/h. 19.44 (a) 2.28 s. (b) 1.294 m. 
18.129 (a) 13.19°. (b) ie rpm (retrograde). 19.45 75.5°. 
18.130 (a) 109.4 rpm; y, = 90°, Vy = 100.05°, y. = 10.05°. 19.46 0.379 Hz. 
(b) 0, = 90°, 6, = 113.9°, 6, = 23.9°. 19.47 (a) 1.067 s. (b) 89.7 mm. 
(c) pesbesdion: 47. 1 rpm; spin: 64.6 rpm. 19.49 (a) 0.933 s. (b) 0.835 s. 
18.131 (a) 4.00 rad/s. (b) 5.66 rad/s. 19.50 (a) 1.617 s. (b) 1.676 s. 
18.132 (a) ) = 8 = 180° — 6p. 19.55 (a) 2.21 Hz. (b) 115.3 N/m. 
(b) A mnax = Go SiN Oy COS Op. (C) Gmin = Go Sin? Oo. 19.56 3.03 Hz. 
18.133 (a) 30° S 6 S 150°. (b) @min = 2.40 rad/s. 19.57 0.945 Hz. 
(€) Onax = 3.29 rad/s. 19.58 0.276Vk/m — @/4L. 
18.134 (2) @min = 1.200 rad/s. (b) Anax = 2.68 rad/s. 19.59 (a) 88.1 mm/s. (b) 85.1 mm/s. 
18.137 (a) 44.1°. (b) @ = —8.72 rad/s, j = = 56.3 rad/s. 19.61 82.1 mm/s. 
18.138 (a) 32.7 rad/s. (b) @ = —13.33 sree = 44.3 rad/s. 19.63 (a) 21.3 kg. (b) 1.838 s. 
18.140 (a) or "(@ sin 6)? + di gr + + Lig? + mge cos 6 = E. 19.64 (a) 0.826 s. (b) 1.048 s. 
2 2 re 19.65 (a) 1.951 s. (b) 1.752 m/s. 
18.147 (0 a4 kg: m */s)j + (1.250 kg 2 m~/s)k. 19.66 4.86 lb >: ft- 82. 
18.148 (a) —(1.098 lb - i + s)i + (1.098 lb - ft - s)j + (2.74 Ib - ft + s)k. 19.69 InVI/z. 
(b) 150.5°. 19.70 3.18 s. 
18.150 (a) ata Se na (b) Paik 19.71 1.476 m/s, 31.1 m/s°. 
6 6 6 19.72 1.379 in., 888 in./s”. 
18.151 Sito 19.73 0.289 1. 
19.76 130.6 mm. 
18.153 (a) 52.1 rad/s. (b) A = —(2.50 N)i, B = (2.50 N)i. 19.77 0.276V k/m — g/4L. 
18.154 (a) 53.4°. (b) 9.27 rad/s. 19.78 (a) 0.715 s. (b) 0.293 ft/s. 
18.155 (a) (2.71 lb - fo)j. (b) F = —(5.30 Ib)i — (1.988 Ib)k; 19.79 2.10 Hz. 
My = (2.69 lb - ft)i — (4.42 lb - ft)k. 19.80 0.387 s. 
18.156 (a) A = (1.786 kN)i + (143.5 kN)j: 19.83 1.834 s. 
= —(1.786 kN)i + (150.8 kN)j. (b) —(35.7 kN - m)k. 19.84 0.1899V2/1. 
18.157 1326 rpm. 19.85 1.327 s. 
19.88 2.39 s. 
19.89 2V2m/3k. 
CHAPTER 19 19.90 0.911 Hz. 

19.1 1.047 ft/s, 65.8 ft/s”. 19.91 (a) 0.1592°V (g /I)(ka"/ol — 1). (b) Val Jk. 

19.2 0.950 mm, 239 mm/s. 19.92 6.64 lb. 

19.3. 1.225 m/s, 0.650 Hz. 19.94 0.742 Hz. 

19.4 (a) 0.391 s, 2.55 Hz. (b) 2.81 ft/s, 45.1 ft/s”. 19.96 (27/cos B) Vim/6k. 

19.5 (a) 0.324 s, 3.08 Hz. (b) 12.91 mm, 484 m/s”. 19.97 (a) 0.352 s. (b) 0.352 s. 

19.6 (a) 10.75°. (b) 6.04 ft/s”. 19.98 1.814 I/Ver. 

19.7. (a) 0.557 Hz. (b) 293 mm/s. 19.99 11.40 N. 

19.9 (a) 3.14 s. (b) 6.40 m. (c) 38.7°. 19.100 (a) 0.1304 ft (in phase). (b) 1.464 ft (out of phase). 
19.11 (a) 5.49 m. (b) 80.5 m/s? |. 19.101 (a) 10.99 lb/ft. (b) 2.99 Ib/ft. 
19.12 (a) 0.0352 s. (b) 6.34 ft/s t, 64.9 ft/s? J. 19.102 Vk/2m < wy < V3k/2m. 
19.13 0.445 ft f, 2.27 ft/s |, 114.7 ft/s? |. 19.105 w, < 8.16 rad/s. 

19.14 (a) 3.89°. (b) 0.1538 m/s, 0.666 m/s”. 19.106 22.5 mm, 5.63 mm. 

19.17 (a) 0.208 s, 4.81 Hz. (b) 1.361 m/s, 41.1 m/s”. 19.107 w, < 9.83 rad/s. and wy > 17.02 rad/s. 
19.18 (a) 0.416 s, 2.41 Hz. (b) 0.680 m/s, 10.29 m/s”. 19.108 651 rpm. 

19.19 (a) 0.361 s, 2.77 Hz. (b) 2.54 ft/s, 441 ft/s®. 19.109 (a) 90.0 mm. (b) 18.00 N. 

19.20 2.63 s. 19.112 (a) 25.2 mm. (b) —0.437 sin(at) N. 
19.23 (a) 6.82 lb. (b) 33.4 lb/ft. 19.113 Show .. . 

19.24 (a) 6.80 kg. (b) 0.583 s. 19.114 22.0 mm. 

19.25 (a) 35.6 lb/in. (b) 5.01 Ib. 19.115 w, = 322 rpm and w, = 329 rpm. 
19.26 192.0 lb/ft. 19.116 783 rpm. 

19.27. (a) 22.3 MN/m. (b) 266 Hz. 19.118 39.1 kg 
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19.120 wy, = 254 rpm and w, = 303 rpm. 


d 
19.121. (a) 4.17%. (b) 84.9 Hz. V9IS7 (a) keg + cF (xa — Xm) = 0, 


19.122 8.04%. x,  d 
19.123 (1) |I/( = oF /@,)|: (2) |1/( = w7/w,)|. m de t cam x4) P,, sin cot. 
19.124 (a) 1399 rpm. (b) 0.01669 in. 1 d 
19.132. (a) 0.01393. (b) 0.0417 Ib - s/ft. (b) oda + Raga ~ mn) = 0, 
19.133 (a) 6.49 kip - s/ft. (b) 230 kips/ft. ‘Land 
19.134 56.9 mm. EL 2 R mean qa) = E,, sin oft. 
19.136 (a) 6490 Ib/ft. (b) 0.1939 s. o : 
19.137 (a) 6 + (3.c/m) 6 + (3k/4m) 6 = 0. (b) Vkm/3. 19.158 (a) mm kolx x4) = P,, sin wet 

a + Kaltm — Xa) = Pry sin cpt. 
19.139 0.0725 in. dt 
19.141 c/c, = 0.707. dx, | 
19.143 (a) 0.0905. (b) 366 N - s/m. c dt. Kixa + ko(xq + mn) = 0 
19.144 (a) —0.324 mm. (b) 0.0884 mm. &n l 
19.145 13.01 mm. (b) L 12 + C (dm — qa) = Ex, sin oft 
19.146 (a) 2210 kN/m. (b) 0.0286. ia : 
19.147 134.8 mm, 143.7 N. Pee ee ee eT 
19.149 (a) 16.18 Ib. (b) 8.18 Ib. dt C2" 

Px de 19.159 (a) 27-V2a/3g. (b) 0.1667 a. 

19.151 (a) mf a on + kx = 6,,(k sin wpt + cay cos wort) 19.161 1.785 s. 


19.163 (a) 6.16 Hz, 4.91 mm, 0.1900 m/s. (b) 4.91 N, (c) 0.1542 m/s J. 
19.164 (a) 0.316 L. (b) 0.200V g/L 


where wp = 27v/L. 


(b) 5,VkE + (ceop)?/V (k = moj)” + (ca). 19.166 1.456 m. 
19.153 R< 2VLC. 19.169 (a) 5.75 N. (b) 0.00710 mm. 
19.154 (a) E/R (b) L/R 19.170 (a) mx + 4Tx/l = 0 (b) rVml/T. 


19.155 Draw... 
19.156 Draw... 
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Centroids of Common Shapes of Areas and Lines 


Shape x y Area 
Triangular area a L bh 
- li Z 3 2 
L 
[4 
Quarter-circular area 4r ar or 
377 307 4 
a 4 2 
Semicircular area 0 aa a 
307 2 
Semiparabolic area 3 3 ab 
: 8 5 3 
; 3h Ai | 
Parabolic area 0 ae eee 
5 3 
: 30 3h ah 
Parabolic spandrel a, bee me 
: 4 10 3 
; 2r sina 2 
Circular sector 0 ar 
3a 
. 2 2 
Quarter-circular arc - af aT 
7 7 2 
aa 2 
Semicircular arc 0 = ur 
. Fe New cl r sina 
Arc of circle 3 ee | - 0 2ar 
j____ , __. 


Moments of Inertia of 


Common Geometric Shapes 


Mass Moments of Inertia of 
Common Geometric Shapes 


Rectangle 

IT, =pbh 
Ty = pbh 
I, = 3bh° 
I, = 3bh 


Jo = pbh(b? + h’) 


Slender rod 


I, =1,= ymL? 


——— | ——> 


Quarter circle 


=7 1A 
f= Ty at 


Triangle I, = pm’ + c’) 
1, = gmc? 
- I, = pmb’ 
i, = $13 h 
=p} h 
3 
<— p —| Rectangular prism 
i pn(b? c’) 
Circle I = tm(c? ae a’) 
# i= pm(a> % b’) 
1, = 1, =40r . 
Jo = Sar‘ x 
Thin disk 
I= $mr? 
Semicircle 1, =1,=4mr 
y 
Jo = amr 5 P Circular cylinder 
= ro I, = 5ma@ 
f 


y= l,= pm(3a? + L?) 


Jo = gar’ al 
Ob r 
pa — 7" — Soe) 
Ellipse ’ 
1, = |ab} |p 
i= ymarb ol ‘ 
Jo = ynab(a’ + b’) 
=< da—| 


Circular cone 


~ 
x 

ale 
= 
a 


L=1,= 2m( 4a’ + hh’) 


Reactions at Supports and Connections for a Two-Dimensional Structure 


rt or i ; Number of 
Support or Connection Reaction saa 
w 4 f : 
=a 
Roll Rocker Frictionless Force with known 
_— surface line of action 


Ks 1 


Short cable Short link Force with known 
line of action 


/ 
90° 


y 1 
/ 
Z 
Collar on a ee Force with known 
frictionless rod Frictionless pin in slot line of action 


| Eu 


Frictionless pin Rough surface Force of unknown 
or hinge direction 


ae 


Force and couple 


Fixed support 


The first step in the solution of any problem concerning the 
equilibrium of a rigid body is to construct an appropriate free-body 
diagram of the body. As part of that process, it is necessary to show 
on the diagram the reactions through which the ground and other 
bodies oppose a possible motion of the body. The figures on this and 
the facing page summarize the possible reactions exerted on two- 
and three-dimensional bodies. 


Reactions at Supports and Connections for a Three-Dimensional Structure 


f. we 


Force with known Force with known 
line of action Cable line of action 
(one unknown) (one unknown) 


cd Eee 


Roller on a : 
rough surface Wheel on rail 


Rough surface 


| An y 


| 
| 
—=))—--- rf > rant 


—_—_—_—— Ml OE, Bx 
Universal Three force components ; Three force components 
joint and one couple Fixed support and three couples 


¥ 


Two force components 
Hinge and bearing supporting radial load only (and two couples; see page 191) 


A 
F, 
(Me) Dy F, F, 


; Hinge and bearing supporting Three force components 
Pin and bracket axial thrust and radial load (and two couples; see page 191) 
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